
MNRAS 000, 1–19 (2015) Preprint 5 January 2022 Compiled using MNRAS LATEX style file v3.0

The Evolution of Brightest Cluster Galaxies in the Nearby Universe
II: The star-formation activity and the Stellar Mass from Spectral
Energy Distribution.

Orellana-González, G.1★, Cerulo, P.2†, Covone, G.3,4,5, Cheng, C.6,7, Leiton, R.8,
Demarco, R.8 &Marie-Lou Gendron-Marsolais 9
1Departamento de Matemática y Física Aplicadas, Universidad Católica de la Santísima Concepción, Alonso de Ribera 2850, Concepción, Chile.
2Departamento de Ingeniería Informática y Ciencias de la Computación, Universidad de Concepción, Chile.
3Dipartimento di Fisca “E. Pancini”, University of Naples “Federico II”, Naples, Italy.
4INFN, Sezione di Napoli, Naples, Italy.
5INAF, Osservatorio Astronomico di Capodimonte, Naples, Italy.
6Chinese Academy of Sciences South America Center for Astronomy, National Astronomical Observatories, CAS, Beĳing 100101, China.
7CAS Key Laboratory of Optical Astronomy, National Astronomical Observatories, Chinese Academy of Sciences, Beĳing 100101, China.
8Departamento de Astronomía, Facultad de Ciencias Físicas y Matemáticas, Universidad de Concepción, Concepción, Chile.
9European Southern Observatory, Alonso de Córdova 3107, Vitacura, Casilla 19001, Santiago de Chile.

Accepted 2021 December 22. Received 2021 December 15; in original form 2021 May 26

ABSTRACT
We study the star-formation activity in a sample of ∼ 56,000 brightest cluster galaxies (BCGs)
at 0.05 < 𝑧 < 0.42 using optical and infra-red data from SDSS and WISE. We estimate
stellar masses and star-formation rates (SFR) through SED fitting and study the evolution
of the SFR with redshift as well as the effects of BCG stellar mass, cluster halo mass and
cooling time on star formation. Our BCGs have 𝑆𝐹𝑅 = 1.4 × 10−3 − 275.2 [M�/yr] and
𝑠𝑆𝐹𝑅 = 5 × 10−15 − 6 × 10−10 [yr−1] . We find that star-forming BCGs are more abundant
at higher redshifts and have higher 𝑆𝐹𝑅 than at lower redshifts. The fraction of star-forming
BCGs ( 𝑓SF) varies from 30% to 80% at 0.05 < 𝑧 < 0.42. Despite the large values of 𝑓SF, we
show that only 13% of the BCGs lie on the star-forming main sequence for field galaxies at the
same redshifts. We also find that 𝑓SF depends only weakly onM200, while it sharply decreases
withM∗. We finally find that the 𝑆𝐹𝑅 in BCGs decreases with increasing tcool, suggesting that
star formation is related to the cooling of the intra-cluster medium. However, we also find a
weak correlation ofM∗ andM200 with tcool suggesting that AGN are heating the intra-cluster
gas around the BCGs. We compare our estimates of 𝑆𝐹𝑅 with the predictions from empirical
models for the evolution of the 𝑆𝐹𝑅 with redshift, finding that the transition from a merger
dominated to a cooling-dominated star formation may happen at 𝑧 < 0.6.

Key words: galaxies: clusters: general–galaxies: evolution–galaxies: star formation–
infrared:galaxies.

1 INTRODUCTION

Brightest Cluster Galaxies (BCGs) are the most massive and lu-
minous galaxies in the Universe. The peculiar properties of these
objects have so far attracted the interest of observational and theo-
retical astrophysicists as they are key to understand the formation
and evolution of galaxies. BCGs are usually located near the centers
of clusters of galaxies, close to the minimum of their potential well.
Their interaction with the surrounding intra-cluster medium (ICM;
Hu et al. 1985, Cavagnolo et al. 2008) is highlighted, among other
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things, by the so-called X-ray cavities (see e.g. Hlavacek-Larrondo
et al. 2015), which represent one of the most striking evidence of
feedback from an active galactic nucleus (AGN).

Most BCGs have elliptical morphologies, and the most mas-
sive of them also show extended stellar haloes (cD galaxies; e.g.
Tonry 1987). The light profiles of BCGs are characterised by high
Sérsic indices, 𝑛, which can reach up to 𝑛 = 10 (Graham et al.
1996; Donzelli et al. 2011), while their stellar population is old and
consistent with being formed at early cosmic epochs (i.e., z>2; see
Brough et al. 2007; von der Linden et al. 2007; Whiley et al. 2008;
Loubser et al. 2009), and their optical colours are consistent with
passive evolution (Cerulo et al. 2019, hereafter Paper I).

The stellar masses of BCGs range between 1010.5 and 1012.5
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M� and correlate with the masses of their hosting clusters (the halo
mass), supporting the hypothesis that the stellar mass assembly of
these galaxies is related to the assembly of the clusters in which
they reside (see e.g., Brough et al. 2008, Lidman et al. 2012, Oliva-
Altamirano et al. 2014, Bellstedt et al. 2016, Lavoie et al. 2016,
Gozaliasl et al. 2016, Zhao et al. 2015). The stellar mass assembly
of BCGs currently represents one of the open questions in galaxy
evolution. There are two possible physical processeswhich can build
up stellar mass in these galaxies, namely the formation of stars and
mergers with satellite galaxies (e.g., Cooke et al. 2019).

De Lucia et al. (2007) show that BCGs grow in stellar mass
through major mergers during the early stages of their evolution
(𝑧 > 1), while afterwards minor mergers become the main driver
for stellar mass build-up. This model is consistent with the results of
Lidman et al. (2012, 2013) and Ascaso et al. (2014), who show that
BCGs nearly doubled their stellar mass in the last 9 Gyr. Webb et al.
(2015) has shown that star formation would be too low to produce
the observed increase in stellar mass with redshift.

According to De Lucia et al. (2007), BCGs should have nearly
doubled their stellar mass since 𝑧 = 0.5. This conclusion is in
disagreement with observations of BCGs in this redshift range,
which report no significant growth in stellar mass (Lin et al. 2013,
Oliva-Altamirano et al. 2014, Paper I). This slow growth at low
redshifts can be explained if one considers that satellite galaxies
that are accreted by the BCG lose part of their stars during the
merging process. These stars end up constituting the intracluster
light (ICL; e.g. Contini et al. 2018, 2019).

In a recent study Cooke et al. (2019), based on multi-
wavelength photometry and spectral energy distribution (SED) fit-
ting in a sample of BCGs from the Cosmic Evolution Survey (COS-
MOS, Scoville et al. 2007), proposed a model with a three-stage
sequence for the build-up of stellar mass: a) in the earliest epochs
(𝑧 > 2.5) the BCG grows its stellar mass through star formation; b)
at intermediate epochs (𝑧 ∼ 1.25) mergers start to become relevant,
and the stellar mass growth occurs through both star formation and
mergers; c) finally, at late epochs (𝑧 . 1) dry mergers are the dom-
inant mechanism with no significant star formation contributing to
the mass growth. This picture is in agreement with other observa-
tions and simulations where BCGs show a significant star formation
at 𝑧 > 0.5 (𝑆𝐹𝑅 ∼ 10 - 100M�/yr−1), similar to spiral and starburst
galaxies in the field at the same redshifts (e.g. Webb et al. 2015;
Bonaventura et al. 2017).

BCGs in the nearby Universe are mostly quiescent, and only
a small fraction of them are star-forming. Oliva-Altamirano et al.
(2014) find that at 𝑧 < 0.4 the fraction of star-forming BCGs is
27%, whereas Fraser-McKelvie et al. (2014) find a smaller fraction
(1%) of star-forming BCGs in a sample of 245 clusters at 𝑧 < 0.1.
In Paper I we showed that at 0.05 < z < 0.35 the fraction of BCGs
with star formation is∼ 9%, and we found, in agreement with Oliva-
Altamirano et al. (2014), that it decreases with cluster halo mass
and BCG stellar mass. We also found that it increases with redshift.
The fractions of star-forming BCGs reported in Oliva-Altamirano
et al. (2014) and Paper I are higher than those expected in a scenario
such as that proposed in Cooke et al. (2019), according to which
most BCGs in the nearby Universe should be quenched.

It is not well understood what is triggering the formation of
new stars in nearby BCGs and, in order to understand the onset of
the star formation in BCGs, it is necessary to take into consideration
the interaction between them and the surrounding ICM. The tem-
perature of the ICM is close to the virial temperature for a system
of the mass of a group or cluster of galaxies (∼ 107 K) and it loses
energy by the emission of X-ray photons. Near the cluster centre

the ICM is densest and a flow generates in which the gas from more
external layers is accreted on to the central overdense region, losing
energy through radiation. This region thus grows in mass and size
accreting more gas that cools down. The weight of the upper layers
of gas in this region causes a slow inflow towards the cluster centre.
This process is called cooling flow (Fabian 1994). According to the
cooling flow scenario, BCGs should be fed with large amounts of
cold gas (∼ 100 − 1000 M�/yr, McDonald et al. 2018), resulting
in extreme star formation. However, despite several works have ob-
served the existence of cooling flows (e.g. McNamara & O’Connell
1989; Edge 2001; Olivares et al. 2019), the star formation rates of
BCGs are lower than what would result if all the accreted cool gas
ended up fuelling star formation.

This "cooling flow problem" may be overcome if one takes
into account the AGN activity of BCGs, since the feedback from an
AGN could halt the formation of new stars (De Lucia et al. 2006;
McCarthy et al. 2008). Furthermore, Best et al. (2007) show that at
0.02 < 𝑧 < 0.16 radio-loud AGN are more abundant in BCGs than
in field galaxies with similar stellar masses. The theoretical models
of Voit et al. (2017) and Gaspari & Sądowski (2017) support a
scenario in which the local thermal instabilities in the ICM cause
the cold gas to condense and fall on to the BCG, feeding its central
supermassive black hole. This process may result in the activation
of the BCG nucleus with the result that the outflows generated by
the AGN will heat the ICM. On the other hand, several works (e.g.,
Bildfell et al. 2008; Pipino et al. 2009) show evidence that although
the AGN feedback drives the heating of the ICM, it is not strong
enough to completely stop the cooling flow. They argue that when
the cooling flow starts, the central galaxy will not stop forming stars.

McDonald et al. (2016) propose an evolutionary picture in
which the principal drivers of star formation in BCGs change with
redshift. They show that they can reproduce the increasing trend
of star-formation rate (𝑆𝐹𝑅) with redshfit with a model in which
the star formation is mainly triggered through gas-rich mergers at
𝑧 > 0.5 and by ICM cooling at 𝑧 < 0.5. Interestingly, Hlavacek-
Larrondo et al. (2020) report the detection of a cooling flow in a
cluster at 𝑧 = 1.5 in which the BCG is forming stars, indicating
that more than one physical driver should be taken into account to
explain what triggers star formation in these massive galaxies.

In the present paper we study the star formation in a large
sample of BCGs drawn from the Sloan Digital Sky Survey (SDSS,
York et al. 2000) in the redshift range 0.05 < 𝑧 < 0.42. This
sample upgrades the one used in Paper I, extending it up to 𝑧 = 0.42
and including only BCGs with spectroscopic redsfhifts and high
signal-to-noise (𝑆/𝑁) infra-red (IR) photometry from the Wide-
field Infrared Survey Explorer (WISE; Wright et al. 2010). This
allows us to perform SED fitting and obtain accurate estimates of
star-formation rate (𝑆𝐹𝑅) and stellar mass (M∗). This is the second
in a series of papers devoted to the study of the physics of BCGs in
the nearby Universe. In this work we update the sample and focus
on the evolution of the SFR and its relation with BCG and cluster
properties.

The paper is organized as follows: we present the data and the
SEDfitting procedure in Sect. 2. Section 3 shows the analysis and the
results, which are discussed in Sect. 4. Section 5 finally summarises
the main conclusions of the paper. Throughout the paper we use
a cosmological model with Ωm = 0.27, ΩΛ = 0.73, and H0 =

70.5 km s−1Mpc−1 (Hinshaw et al. 2009), unless otherwise stated.
SDSS magnitudes are reported in the AB system, while WISE
magnitudes and fluxes are reported in the Vega system. We will
interchangeably use the symbols 𝑧 and 𝑧spec to refer to spectroscopic
redshifts. We will use the notationR200 to indicate the radius within
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which the local density is 200 times the critical density of the
Universe at the redshift of each BCG andM200 to indicate the total
mass enclosed within this radius.

2 DATA

2.1 The Brightest Galaxy Clusters Sample

We use the catalogue of brightest galaxy clusters presented in Wen
& Han (2015) (hereafter WHL15), which is an updated version of
the catalogue of Wen et al. (2012) (hereafter WHL12).

The WHL12 catalogue comprises 132,684 clusters at 0.05 ≤
𝑧photo < 0.75 detected in the Data Release 8 of the Sloan Digital
Sky Survey (SDSS DR8; Aihara et al. 2011) with an algorithm
based on galaxy photometric redshifts and projected positions. The
WHL12 sample is 75% complete at 0.05 ≤ 𝑧photo < 0.42 for
clusters with halo massesM200 > 6 × 1013 [M�]. The centroids of
the clusters are defined as the positions of the BCGs. The WHL15
catalogue adds the spectroscopic redshifts from the SDSS DR12
(Alam et al. 2015), which increases the fraction of spectroscopically
confirmed clusters from 64% to 85% in the entire sample. We refer
the reader to WHL12 and WHL15 for more details on the detection
algorithm, and to Paper I for a summary of the detection procedures.
Since the centroids of the clusters coincide with the positions of the
BCGs in WHL12 and WHL15, the catalogue used in this paper can
be considered both as a BCG and a cluster catalogue. Therefore,
hereafter we will interchangeably refer to it as the cluster or BCG
sample.

We estimated the dark matter halo masses M200 of the clus-
ters using the scaling relation between cluster richness and M200
presented in Equation 2 of WHL12. This scaling relation was con-
firmed by Covone et al. (2014) through a weak lensing analysis
conducted on a sub-sample of clusters of the WHL12 sample.

2.2 Optical data and Spectra

We use the optical photometry in the 𝑢, 𝑔, 𝑟 , 𝑖 and 𝑧 bands,
from the SDSS DR12 database. We employed the scalar function
fGetNearestObjEq with a search radius of ∼ 0.02′ (i.e. ∼1′′)1 to
find the closest matches with the WHL15 catalogue. In this work
we use model magnitudes (modelMagwhich we correct for Galactic
extinction with the coefficients provided in the DR12 database and
obtained adopting the dust maps of Schlegel et al. (1998)).

Spectroscopic redshifts (𝑧spec) were downloaded from the ta-
ble SpecObjAll in the DR12 repository. These redshifts were mea-
sured on spectra observed with optical fibers with 3′′ wide aperture
diameters, centred in the target source. The estimates of the redshifts
were performed by cross-correlating the spectra with templates of
several source types including different kinds of galaxies, stars,
cataclysmic variables and quasars.

2.3 Infrared data

We use near-to-mid-infrared (IR) photometric data from WISE in
the four 𝑊1, 𝑊2, 𝑊3 and 𝑊4 bands, centred at 3.4 `m, 4.6 `m,
12.0 `m and 22.8 `m (see Brown et al. 2014), respectively. While
in Paper I we queried the ALLWISE repository to find matches with

1 In Section 2.2 of Paper I, we erroneously quoted ∼ 0.02′′ instead of
∼ 0.02′ as the size of the search radius.

the WHL15 catalogue, in this work we decided to use the unblurred
coadds of the WISE imaging (unWISE2; Lang 2014; Lang et al.
2016). The unWISE catalogue was constructed with the forced
photometry technique, which uses the positions of the sources in
the SDSS optical catalogue, the classification of a source as a star or
a galaxy, and its optical light profile. Flux measurements take into
account the point-spread function (PSF) and the noise mode from
WISE (see Lang 2014 for more details).

Since there is no PSFmatching and the object detection ismade
on the SDSS r-band images, the forced photometry allows one to
measure accurate fluxes from bright extended sources and to recover
some weak sources detected in SDSS and not detectable in the PSF-
matched images used in ALLWISE. Therefore, with unWISEwe are
able to build a high 𝑆/𝑁 optical and IRmulti-wavelength catalogue,
significantly increasing the number of WISE-detected BCGs with
respect to Paper I.

2.4 Spectral energy distribution fitting

We use the Code Investigating GAlaxy Emission (CIGALE; Boquien
et al. 2019) to fit SEDs to the optical and IR data of our BCGs. This
software package allows one to perform reliable multi-wavelength
photometric analyses from far ultraviolet (FUV; 1,500 Å) to ra-
dio (20 cm) wavelengths. CIGALE builds different SED templates,
considering modules for star formation history (SFH), simple stel-
lar populations (SSP), nebular emission, dust attenuation law, dust
emission, AGN emission, and radio synchrotron emission. Each
module allows the selection of different models, and each model
requires the selection of certain values to constrain the final result.
The template SEDs that the software builds have each a given value
of SFR,M∗, dust mass (Mdust) and IR luminosity (LIR).

For our sample, we selected the following four modules:

• SFH: We select the option sfhdelayed, based on the so-called
"delayed" SFH. In this SFH model the star formation increases ex-
ponentiallywith time until the time 𝜏 (the peak of the star-formation)
and then decreases until the time t0:

SFH(t) ∝ t
𝜏2

× exp
(−t
𝜏

) [
M�
yr

]
, 0 ≤ t ≤ t0.

We selected 6 values for the 𝜏 of the main stellar population model
(𝜏main), in the range 0.3 – 12 Gyr and seven values for the age of
the oldest stars (Ageold) in the range 2 – 10 Gyr.

• SSP: We select the option 𝑚05 based on the SSP synthesis
model developed by Maraston (2005)3, using a (Chabrier 2003)
initial mass function (IMF). We selected 4 values for metallicity
(Z), in the range from 0.004 to 0.02, consistent with the metallicities
inferred from optical colours in Paper I.We also selected 7 equal age
intervals between the young and the old stellar populations (Agesep)
in the range 0.05 to 5 Gyr.

• Attenuation law: We selected the option 𝑑𝑢𝑠𝑡𝑎𝑡𝑡_𝑚𝑜𝑑𝑖 𝑓 𝑖𝑒𝑑_
𝑠𝑡𝑎𝑟𝑏𝑢𝑟𝑠𝑡 based on amodified Calzetti et al. (2000) dust attenuation
law (see Boquien et al. 2019), choosing 3 values of the colour excess
for the stellar continuum light of the young population in the range
𝐸𝐵−𝑉 = 0.1 – 0.3 mag.
• Dust emission: We selected the option 𝑑𝑙2007, based on the

dust emission model developed by Draine & Li (2007). We used

2 http://unwise.me/
3 Following Tonini et al. (2012), we adopted the Maraston (2005) models,
as demonstrated by those authors, they are more reliable in tracing the stellar
mass of galaxies.
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4 values for the mass fraction of polycyclic aromatic hydrocarbons
(PAH) (qPAH) ranging from 0.47 to 4.58, 6 values for the minimum
radiation field (umin) in the range 0.2-25.0, 2 values for the maxi-
mum radiation field (umax) in the range 104-105, and 2 values for
the fraction of the dust illuminated by the maximum and minimum
radiation field (𝛾) in the range 0.00-0.02.

In total, we use a library of 7,451,136 SED templates to characterize
our sample.

2.5 Final sample and sub-samples

The BCG sample used for the analysis in the present work was
obtained applying the following criteria to the WHL15 sample:

• Spectroscopic redshift selection: we restrict our analysis to
spectroscopically confirmed BCGs. This selection removes 36,996
galaxies, which are the 27.9% of the galaxies contained in the
original WHL15 sample.

• Redshift boundaries: we selected BCGs with 0.05 ≤ zspec <
0.42, the upper boundary corresponding to the redshift at which
the WHL15 sample is 75% complete. In this selection we discard
36,860 galaxies, corresponding to 27.8% of the galaxies in the
original sample.

• Cluster halo mass limit: we selected clusters with masses
M200≥ 6 × 1013 M� , as done in Paper I, and corresponding to the
mass at which the WHL15 sample is 75% complete at 𝑧spec < 0.42.
With this cut, we discard 1,153 galaxies, the 0.9% of the entire
sample.

• 𝑆/𝑁: in order to obtain a reliable SED fitting, we only consid-
ered galaxies with 𝑆/𝑁 > 10 in the SDSS optical bands and with
𝑆/𝑁 > 5 in theWISE𝑊1 and𝑊2 bands. For theWISE𝑊3 and𝑊4
bands we imposed the cut 𝑆/𝑁 > 3. The minimum requirement for
a galaxy to be considered in the SED fitting was that it were above
the 𝑆/𝑁 cuts in the 𝑔, 𝑟 , 𝑖, 𝑧,𝑊1 and𝑊2 filters, which are the deep-
est bands in the sample. There were 588 galaxies, corresponding to
0.4% of the sample, which did not meet this requirement and were
discarded from the analysis.

• Reduced 𝜒2: We selected the galaxies that had SED fits with a
reduced 𝜒2 (𝜒2a = 𝜒2/a, where a are the degrees of freedom) less
than 2.0. This removes 3,405, the 2.6% of the entire sample.

At the end of this selection process, the sample used for the
analysis of this work contained 56,399 BCGs. These objects all
have spectroscopic redshifts and SEDs fitted on at least six of the
𝑢, 𝑔, 𝑟 , 𝑖, 𝑧, 𝑊1, 𝑊2, 𝑊3 and 𝑊4 bands (in 808 cases we have
fits on all the nine photometric bands), covering a portion of the
electromagnetic spectrum that goes from near UV (_ = 0.35`m)
to mid IR (_ = 22.8 `m). The redshift distribution of the sample
(Fig. 1, left-hand panel), shows that the number of galaxies grows
with redshift, with a median 𝑧spec = 0.29. The distribution of the
𝜒2a values of the SED fitting (Fig. 1, middle panel), has a median
𝜒2a = 0.53 in the range 0.001 < 𝜒2a < 2.0. We note that, because of
our strict selection in 𝑆/𝑁 , the values 𝜒2a < 1.0 are not a result of
large flux uncertainties.

To characterize the sample, we divide it into four major bins
of redshift and 𝜒2a , and three bins of cluster halo mass (M200). We
found that 56.5% of the sample has excellent fits (𝜒2a < 0.5), 30.4
% has very good fits (0.5 < 𝜒2a < 1.0), 10.0% has good fits (1.0 <
𝜒2a < 1.5) and just 3.1% has satisfactory fits (1.5 < 𝜒2a < 2.0).

The four bins defined for the redshift distribution are: B1 ≡
0.05 ≤ 𝑧 < 0.15; B2 ≡ 0.15 ≤ 𝑧 < 0.25; B3 ≡ 0.25 ≤ 𝑧 < 0.35,
and B4 ≡ 0.35 ≤ 𝑧 < 0.42. We find that 9.6% of the galaxies are

in B1; 28.6% in B2; 35.2% in B3; and 26.6% in B4 (see details in
Table 1).

We divided the cluster sample in M200 bins following the
criterion used in Paper I and splitting it into Groups (Gr), Low-
Mass Clusters (LMC), and High-Mass Clusters (HMC). We find
that 33.1% of our BCGs are in Gr, 64.9% in LMC, and just 2.0%
in HMC (see details in Table 1). We remind the reader that the
division in M200 bins takes into account the accretion history of
dark matter haloes so that the clusters in the nearest redshift bin fall
in the sameM200 bin of their progenitors. This allows us to control
the progenitor bias in the sample (see Correa et al. 2015a,b,c).4

Figure 2 shows the magnitude distribution in each WISE filter
for the final sample and for the original sample (WHL15 with the
photometric redshift restriction 𝑧phot < 0.42). The main difference
between these two samples appears to be in the numbers of galaxies
that each of them contains. The distributions of the 𝑊1 and 𝑊2
magnitudes have median values𝑊1 = 13.96 mag and𝑊2 = 13.73
mag, and the entire final BCG sample has measurements in both
filters (see Table 2). The𝑊3 and𝑊4 magnitude distributions have
median values𝑊3 = 11.65 mag and𝑊4 = 8.27 mag. 22.4% of the
final BCG sample have measurements in𝑊3 and 3% in𝑊4.

2.6 The Error Estimation on Stellar Mass and Star
Formation Rate

The errors on the measurements of 𝑆𝐹𝑅 and M∗ were obtained
performing Monte Carlo simulations and running CIGALE on the
simulated input catalogues. The 𝜒2a was used as an indicator of the
goodness of the SED fitting and therefore of the uncertainty on the
fitted parameters (larger values of 𝜒2a , indicate larger errors).

The procedure that we adopted consists of the following steps:

(i) We subdivided the sample using four 𝜒2a bins between 0.0
and 2.0 as shown in Table 3;
(ii) we randomly selected 50 galaxies in each 𝜒2a bin, creating a

sub-sample of 200 galaxies;
(iii) we created 100 versions of each galaxy, randomly perturbing

their fluxes within the photometric errors;
(iv) we ran CIGALE for each simulated galaxy, obtaining a dis-

tribution of 𝑆𝐹𝑅 andM∗values;
(v) for each distribution we derived the mean and the standard

deviation and calculated the fractional deviation defined as the ratio
between the standard deviation and the mean;
(vi) in each bin we derived the median value of the fractional

deviations, which we used as an estimate of the fractional error. We
also derived the boundaries of the 1𝜎 width of the distributions of
the fractional deviation.

Table 3 reports the values of the fractional errors (median and
boundaries of the 1𝜎 width of the distributions) for 𝑆𝐹𝑅 and M∗
as a function of 𝜒2a bin. It can be seen that the fractional error in
𝑆𝐹𝑅 increases with the central values of the 𝜒2a bins, indicating that
we can characterise the uncertainty in this parameter with 𝜒2a . The
last bin (1.5 < 𝜒2a < 2.0), exhibits a 3% decrease in the fractional
error with respect to the previous bin, and we attribute this effect
to low-number statistics. We notice, however, that this value of the
fractional error is consistent with the errors obtained in the other
bins.

While the median values of the percentage of error for 𝑆𝐹𝑅 lie

4 We used the commah PYTHON package to derive the mass accretion his-
tories of the clusters.
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Figure 1. Distributions of spectroscopic redshift (left-hand panel) and reduced 𝜒2
(
𝜒2a

)
(middle panel). The ranges covered by each quantity are divided into

four bins delimited by the red vertical dashed lines. At the top of each plot we show the boundaries of each bin, the number of galaxies that they contain and
the corresponding percentage with respect to the number of BCGs in the final sample.The right-hand panel shows a density plot representing the cluster halo
mass (M200) as a function of the redshift. The plot is colour-coded according to the amount of galaxies in each cell. Red and blue lines separate the BCG in
groups (𝐺𝑟 ), low mass clusters (LMC) and high mass clusters (HMC).

Redshift Redshift Frac. Frac. Frac. Total Total Median Median Median Median Median Median
bin range Gr LMC HMC Frac. number 𝑆𝐹𝑅 𝑆𝐹𝑅a log M∗ log Ma∗ log M200 log Ma200

[M� /yr] [M� /yr] [M�] [M�] [M�] [M�]

B1 0.05 ≤ z < 0.15 43.6 % 57.0 % 2.4 % 9.6 % 5,402 0.7 +1.6
−0.4 0.7

+1.0
−0.4 11.41

+0.50
−0.21 11.52

+0.31
−0.12 14.01

+0.86
−0.15 14.1 +2.3

−0.2
B2 0.15 ≤ z < 0.25 41.1 % 59.9 % 2.2 % 28.6 % 16,114 1.2 +4.0

−0.8 1.1
+2.4
−0.7 11.47

+0.38
−0.19 11.54

+0.27
−0.13 13.99

+0.64
−0.15 14.01

+0.92
−0.16

B3 0.25 ≤ z < 0.35 34.4 % 66.8 % 2.1 % 35.2 % 19,842 2.8 +6.2
−1.9 2.6

+5.3
−1.6 11.50

+0.34
−0.18 11.55

+0.28
−0.13 13.98

+0.49
−0.14 14.0

+0.57
−0.15

B4 0.35 ≤ z < 0.42 29.8 % 75.6 % 1.7 % 26.6 % 14,999 3.3 +6.6
−2.1 3.0

+5.7
−1.9 11.53

+0.33
−0.18 11.57

+0.28
−0.13 13.97

+0.40
−0.13 13.98

+0.43
−0.14

BT 0.05 ≤ z < 0.42 33.1 % 64.9 % 2.0 % 100.0 % 2.1 +5.6
−1.5 2.0

+4.7
−1.5 11.49

+0.36
−0.19 11.55

+0.28
−0.13 13.98

+0.52
−0.14 14.00

+0.62
−0.15

Total 18,676 36,580 1,143 56,399

Table 1. Fraction of galaxies per redshift and halo mass (log M200) bins. Percentages for the redshift bins B1 to B4, are derived with respect to the total amount
of galaxies in the bin, indicated in the Total number column. The Total Frac. column indicates the fraction of BCGs in each redshift bin. BT corresponds to the
entire redshift range of the sample, and the fractions reported for this bin are derived with respect to the total amount of BCGs in our sample. Total reports the
number of BCGs in each of the 𝐺𝑟 , LMC and HMC sub-samples across the entire redshift range. The last six columns show the median values of log 𝑆𝐹𝑅,
log (M∗) and log(M200) with the 1𝜎 widths of the distributions of these quantities in each redshift bin and in the entire sample (BT). See section 3.1 for more
details.
a Median value derived using galaxies withM∗>Mlim (see section 3.1 for more details).
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Figure 2. Magnitude distributions of the WISE 𝑊 1, 𝑊 2, 𝑊 3 and 𝑊 4
bands for both the final sample and the original WH15 sample restricted at
𝑧phot < 0.42.

in the range 16-21%, forM∗ the percentage of error shows values in
the range between 1.4% and 1.8% with no correlation with 𝜒2a (see

Filter Min Max Median Amount
[mag] [mag] [mag] of galaxies

W1 9.54 15.95 13.96 56,399 (100.0 % )
W2 9.52 16.13 13.73 56,399 (100.0 % )
W3 5.73 13.26 11.65 12,625 (22.4 % )
W4 2.56 9.84 8.27 1,670 (3.0 % )

Table 2. Characterization of the magnitude distribution in eachWISE filter.
Percentages are obtained with respect to the final sample.

Table 3). Since there is no apparent dependence of theM∗ error on
the goodness of the SED fit, we can affirm that the uncertainty in
this parameter reflects the flux uncertainty in the filters used in the
fit. We note here thatM∗ is better constrained than 𝑆𝐹𝑅.

We therefore use as a definition of the uncertainty on 𝑆𝐹𝑅
the fractional error, obtained from the SED fitting, according to the
median value showed in Table 3. For the M∗, because the median
percentage of error is less than 2%, for each 𝜒2a bin, we consider an
upper limit of 2% on the fractional error for each galaxy.

MNRAS 000, 1–19 (2015)
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bins Median Min Max Median Min Max
𝜒2a error error error error error error

𝑆𝐹𝑅 𝑆𝐹𝑅 𝑆𝐹𝑅 M∗ M∗ M∗

0.0 - 0.5 16.0% 6.9% 34.7% 1.8% 0.4% 5.3%
0.5 - 1.0 19.8% 5.7% 43.5% 1.4% 0.6% 6.3%
1.0 - 1.5 21.2% 5.8% 40.1% 1.6% 0.2% 5.2%
1.5 - 2.0 18.2% 5.9% 34.7% 1.5% 0.4% 5.2%

Table 3. Percentage of error in the 𝑆𝐹𝑅 and the M∗, obtained from aMonte
Carlo Simulation.

3 RESULTS

3.1 Stellar mass and star formation rate in BCGs

Figures 3 and 4 show the histograms of the distributions and cu-
mulative distributions of M∗ and 𝑆𝐹𝑅. We plot in each figure the
distributions for the entire sample and for the sub-samples of clusters
with differentM200 and at different redshifts. We do not further in-
vestigate the stellarmass evolution in our sample of BCGs, since this
work is focused on the study of the evolution of the star-formation
activity. The stellar mass build-up will be the subject of a work
that is already ongoing. In order to study the evolution of the star-
formation properties of the BCGs, we built a stellar mass complete
sample that allowed us to minimise the effects of the Malmquist
Bias. We determined the M∗ completeness limits following two
different approaches as detailed in the subsequent paragraphs.

The first approach follows the method described in Pozzetti
et al. (2010) and used in Cerulo et al. (2017). It consists in supposing
that at all redshifts the BCGs are observed at the limiting magnitude
of the sample in the SDSS 𝑟 band. With the assumption that the
stellar mass-to-light ratio of galaxies is constant, one can derive a
limiting stellar mass,Mlim, from the equation

log(Mlim/M�) = log(M∗/M�) + 0.4 × (r − rlim), (1)

where rlim is the Petrosian magnitude (rlim = 20.2 mag) of the
faintest BCG of the sample in the 𝑟-band, 𝑟 is the 𝑟-band magnitude
andM∗, the stellar mass of the galaxies.

We take theMlim distributions of the 20% faintest galaxies in
each redshift bin and for them we derive the 95% highest Mlim.
The latter defines the 95% stellar mass limit in a given redshift bin
of the BCG sample. Because the stellar mass limits monotonically
increase with redshift, the stellar mass limit for the highest redshift
bin defines the stellar mass limit for the entire sample. Using this
criterion, we findMlim = 1011.3M� .

The second method was adopted in Cerulo et al. (2017) and
Paper I and is based on the stellar mass of a model SSP with forma-
tion redshift 𝑧 = 5, Salpeter (1955) IMF and solar metallicity drawn
from the Maraston (2005) stellar population library. At 𝑧 = 0.42
the stellar mass for such a model observed at the 𝑟-band magnitude
limit of the sample isMlim= 1011.4M� .5

Since the stellar mass limits obtained with the two methods are
similar, we chose to set the stellar mass limit for the BCG sample
at Mlim = 1011.35 M� , which represents a compromise between
the two estimates. In Figure 3 we plot the stellar mass limit on
the M∗ distributions in each redshift bin. It can be seen that by
limiting our sample to the completeness limit we lose galaxies at
all redshifts, with the fraction of lost galaxies increasing towards

5 We used the PYTHON ezgal package (Mancone & Gonzalez 2012) to
derive the stellar mass evolution of the SSP.

low redshift. As it can be seen from Table1, the median M∗ as a
function of redshift has a slight increase, even after limiting the
sample to Mlim. Although the four median values are consistent
with each other within the 1𝜎 widths of the M∗ distributions, this
represents an evidence that there is a residual, non significant effect
of theMalmquist Bias in the stellar mass limited sample. The results
presented from this point refer to BCGs withM∗>Mlim.

We see that the median 𝑆𝐹𝑅 of the entire sample is 2.0M�/yr,
indicating that it is not correct to assume that the BCGs at low red-
shift are passively evolving galaxies with no ongoing star formation.
From the analysis of the 𝑆𝐹𝑅 distribution (Figure 3 bottom panel)
we find that 63.52% of the BCGs have 𝑆𝐹𝑅 > 1 M�/yr, 18.66%
have 𝑆𝐹𝑅 > 5 M�/yr, 7.78% have 𝑆𝐹𝑅 > 10 M�/yr, and 0.17%
have 𝑆𝐹𝑅 > 50 M�/yr. Therefore, at least 63.52% of the sample
is composed of non-quiescent galaxies. The redshift bins from B2
to B4 have a median 𝑆𝐹𝑅 greater than 1 M�/yr (see Table 1) and
there is a slight increase in the median 𝑆𝐹𝑅 with redshift, although
the median values remain all consistent within the 1𝜎 widths of the
𝑆𝐹𝑅 distributions.

We performed a two-sample Kolmogorov-Smirnov (KS) test
on the 𝑆𝐹𝑅 distributions and found that there is a probability 𝑝 <
0.003 that the 𝑆𝐹𝑅 distributions in B2, B3, and B4 are drawn
from the same parent distribution as in B1. So the 𝑆𝐹𝑅 distribution
in the lowest-redshift bin is statistically different from any of the
distributions at higher redshifts. We further find that the two-sample
KS test for the comparison of the distributions in B2 and B3 returns
a p-value of 0.34, and for the comparison of B2 and B4 a p-value of
0.44, indicating that the 𝑆𝐹𝑅 distributions in B3 and B4 are drawn
from the same parent distribution of B2.

In order to investigate the effects of cluster mass build-up, we
separately studied the distributions ofM∗ and 𝑆𝐹𝑅 as a function of
redshift in each of the three sub-samples of groups, low-halo-mass
clusters and high-halo-mass clusters. The top panel of Figure 4 and
Table 1 show that M∗ has three different distributions in the three
cluster sub-samples at all redsfhits. We find, in particular, that the
Gr sub-sample contains the BCGs with the lowest M∗, followed
by the LMC and then the HMC, which contain the most massive
BCGs.

We performed a two-sample KS test to compare the M∗ dis-
tributions in all the cluster sub-samples in pair, and we found that
the distributions are all different between them (obtaining p values
<< 10−20). We repeated the same exercise for the 𝑆𝐹𝑅 distribu-
tions, finding that all the sub-samples have significantly different
distributions with the exceptions of Gr and HMC in B1 (𝑝 = 0.97),
and LMC and HMC in B1 (𝑝 = 0.28).

These results indicate that the BCGs in clusters with different
halo masses differ in terms of their star-formation activity and M∗
distributions, and that these differences persistwith redshiftwith few
exceptions that correspond to the 𝑆𝐹𝑅 distributions in the lowest
redshift bin. These results suggest that at 0.05 ≤ 𝑧 < 0.42 the mass
of the hosting cluster affects the star-formation activity of BCGs
at earlier epochs, with BCGs in lower-mass clusters having higher
𝑆𝐹𝑅 than BCGs in higher-mass clusters. At the lowest-redshift end
of the sample, the star-formation properties of BCGs become similar
in all cluster sub-samples.

3.2 The star-forming Main Sequence of Brightest Cluster
Galaxies

Star-forming galaxies arrange themselves in the 𝑆𝐹𝑅 - M∗ plane
along a sequence, called the main sequence (𝑀𝑆), in which the
𝑆𝐹𝑅 increases approximately linearly with M∗ (e.g. Brinchmann
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Figure 3. Distributions of 𝑆𝐹𝑅 (left-hand panel) and M∗ (middle panel). The grey histograms correspond to the distribution for the entire sample (not
M∗limited), and the coloured histograms correspond the distributions for the sub-samples in each of the B1, B2, B3 and B4 redshift bins. The vertical black
line in theM∗ distribution represents the stellar mass completeness limitMlim of the sample. The right-hand panel shows a density plot ofM∗ as a function of
cluster redshift, colour coded according to the amount of galaxies in each cell.
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Figure 4. Plots of the cumulative distribution ofM∗ (top panel) and 𝑆𝐹𝑅

(bottom panel) in each redshift bin. The red, green and blue histograms are
respectively the distributions for the Group, LMC and HMC stellar-mass
limited sub-samples.

et al. 2004; Noeske et al. 2007; Elbaz et al. 2007). At a given M∗,
galaxies with 𝑆𝐹𝑅 ten times higher or lower than the linear fit to
the MS are called star-burst (𝑆𝐵) or passive (𝑃𝑎), respectively.

The MS is observed in several large samples of galaxies in the
field and in clusters, at redshifts up to 𝑧 ∼ 6 (e.g. Elbaz et al. 2007,
2011; Daddi et al. 2007; Dunne et al. 2009; Santini et al. 2009;
Oliver et al. 2010; Karim et al. 2011; Rodighiero et al. 2011; Zahid
et al. 2012; Bouwens et al. 2012; Sobral et al. 2014; Steinhardt et al.
2014; Old et al. 2020; Nantais et al. 2020). However, the effect of
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Figure 5. Density plot representing 𝑆𝐹𝑅 as a function of M∗ for the four
redshift bins (B1, B2, B3 and B4). The plot is colour-coded according to
the amount of galaxies in each cell. The solid magenta line corresponds to
the main-sequence straight line derived from Equation 3.2, using the median
redshift of each bin (𝑧 = 0.1, 0.2, 0.3, 0.415). The dashedmagenta lines cor-
respond to the boundaries of the scatter of the main sequence (±0.2), while
the green line divides the 𝑆𝐹𝑅 vsM∗ plane in two, to separate star-forming
(log (𝑠𝑆𝐹𝑅/yr−1) > −11.5), from quiescent (log (𝑠𝑆𝐹𝑅/yr−1) ≤ −11.5)
BCGs.

the environment on the MS shape is a matter of debate (see e.g.:
Old et al. 2020; Nantais et al. 2020).

To characterise the MS and its evolution in our sample, we use
the parametrisation described in Speagle et al. (2014) and expressed
by the following equation:

log SFR(M∗, t) =[0.84 ± 0.02 − (0.026 ± 0.03 × t)] logM∗
− [6.51 ± 0.24 − (0.11 ± 0.03 × t)]

(2)

where 𝑡 is the age of the Universe in Gyr. For the 𝑀𝑆 scatter we
use the range ±0.2 dex suggested in the same work. BCGs in our
sample form a cloud in the 𝑆𝐹𝑅 - M∗ plane (see Figure 5), with
no clear 𝑀𝑆. However, using the redshift as a third parameter one
can see that lower redshift galaxies tend to concentrate in regions
with low 𝑆𝐹𝑅 (−1.0 . log (𝑆𝐹𝑅/M�/yr) . 0.4) and low M∗
(11.35 . log (M∗/M�) . 11.5). On the other hand, galaxies at
higher redshifts are distributed in regions with higher stellar masses
and a larger range of 𝑆𝐹𝑅. To see where the MS lies at the redshifts
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Redshift 𝑓𝑃𝑎 𝑓𝑀𝑆 𝑓𝑆𝐵 𝑁𝑔

bin (%) (%) (%)

B1 95.8+0.3−0.4 3.1+0.3−0.3 1.13+0.19−0.17 3, 319

B2 92.9+0.2−0.2 5.6+0.2−0.2 1.59+0.12−0.11 11, 646

B3 89.9+0.2−0.2 8.6+0.2−0.2 1.48+0.10−0.09 15, 738

B4 93.0+0.2−0.2 6.3+0.2−0.2 0.67+0.08−0.07 12, 534

BT 92.06+0.13−0.13 6.70+0.12−0.12 1.24+0.05−0.05 43, 257

Total 39, 826 2, 895 536

Table 4. Fractions of galaxies (expressed as percentages) classified using
the 𝑆𝐹𝑅 vsM∗ plane and the star-formation main sequence in each redsfhit
bin. 𝑃𝑎 are passive galaxies, 𝑀𝑆 are main-sequence galaxies and 𝑆𝐵

are star-burst galaxies (see Section 3.2 for details on the definition of each
class). 𝑁𝑔 is the number of galaxies in each redshift bin. The BT row shows
the fractions derived across the entire redsfhit range 0.05 ≤ 𝑧 < 0.42, while
the Total row reports the number of BCGs in each class at 0.05 ≤ 𝑧 < 0.42.

of our sample, we use Equation 2 with the median redshift of the
sample (𝑧med = 0.286) used to derive the epoch 𝑡 in the equation.

By classifying the BCGs according to MS types we find that
the 92.06+0.02−0.02% are 𝑃𝑎, 6.70

+0.12
−0.12% are 𝑀𝑆 and 1.24

+0.05
−0.05% are

𝑆𝐵 (see Table 4). We notice that the fraction 𝑓𝑃𝑎 of 𝑃𝑎 BCGs
decreases from bin B1 to bin B3, with a corresponding increase
in the fractions 𝑓𝑀𝑆 and 𝑓𝑆𝐵 of MS and SB galaxies. Bin B4
has a peculiar behaviour, since it exhibits an increase in 𝑓𝑃𝑎 and
a decrease in 𝑓𝑆𝐵 and 𝑓𝑀𝑆 (see Table 4). We notice that this
cannot be an effect of stellar mass incompleteness, since we are
only considering BCGs that are above the stellar mass limit of the
sample.

We argue that the increase in 𝑓𝑃𝑎 may arise from the fact that
the MSmodelling that we adopt was obtained for field galaxies with
stellar masses lower (< 1011M�) than those of our BCGs. Lee et al.
(2015) propose the existence of a turn over of the main sequence
at M∗∼ 1010M� . Hence we miss MS BCGs in bin B4 because the
evolutionary MS model that we use does not take into account the
turn-over.

If we split the sample into Gr, LMC and HMC clusters (see
Table 5), we find that all the sub-samples exhibit a decrease in 𝑓𝑃𝑎

with redshift. We particularly find that the 𝑓𝑃𝑎 decrease is highest
in the HMC sub-sample (∼ 12%). These results reflect the shift
towards higher 𝑆𝐹𝑅 in the cumulative distributions of all the sub-
samples plotted in Figure 4. In the same figure one can appreciate
that there is no similar shift in the cumulative distributions ofM∗.

The SB fraction keeps approximately constant across the red-
shift range of the sample, while the MS fraction increases up to B3
and then decreases (see Table 5). Similar trends for 𝑓𝑀𝑆 are seen
in the Gr, LMC and HMC sub-samples. 𝑓𝑆𝐵 in the Gr and LMC
sub-samples shows trends with redshift that are similar to the trend
observed in the entire sample, while it has a slight increase with
redshift in the HMC sub-sample.

The Speagle et al. (2014) modelling of the MS evolution does
not take into account the existence of the turn-over for high-mass
galaxies. Thus, subdividing the BCGs in our sample according to
their position with respect to the MS would result in the loss of star-
forming galaxies, especially at high stellar masses. For this reason

we decided to select star-forming BCGs according to their specific
SFR, 𝑠𝑆𝐹𝑅 = 𝑆𝐹𝑅/M∗.

Similarly to Wetzel et al. (2012), we define as star-forming
galaxies those with 𝑠𝑆𝐹𝑅 > 10−11.5 yr−1, and as quenched or
quiescent those with 𝑠𝑆𝐹𝑅 ≤ 10−11.5 yr−1. The blue line in Figure
5 shows the separation between star-forming and quiescent BCGs
based on this criterion. The visual inspection of the plot reveals that
this classification is less restrictive with respect to the MS one in
separating star-forming from quiescent galaxies.

The results on the trends with redshift of the 𝑆𝐹𝑅 and 𝑠𝑆𝐹𝑅
obtained using these cuts are shown in Table 6, in Figures 6 and
7, while the results on the fractions 𝑓Q and 𝑓SF of quiescent and
star-forming BCGs, respectively, are shown in Tables 5 and 9-11.
Overall, we find an increase with redshift of the fraction of star-
forming BCGs together with an increase in their 𝑆𝐹𝑅 and 𝑠𝑆𝐹𝑅.
The next section discusses these results in detail, together with the
study of the behaviour of 𝑓Q and 𝑓SF with cluster mass and BCG
stellar mass. We will also discuss the effects of the ICM cooling
time tcool on the star-formation activity in BCGs.

4 DISCUSSION

BCGs are amongst the most massive galaxies in the Universe, and
the study of their properties constitutes a crucial step towards a
comprehensive understanding of the evolution of galaxies. In this
paper we focus on the study of the star-formation activity in BCGs,
starting from the sample used in Paper I and extending it to 𝑧 =

0.42.We selected spectroscopically confirmedBCGs in theWHL15
cluster catalogue and replaced the AllWISE photometry used in
Paper I with the deeper unWISE data. All these improvements allow
us to robustly fit SEDs to the galaxies in our sample and obtain
reliable estimates ofM∗ and 𝑆𝐹𝑅.

We notice that with a pure selection in spectroscopic redshift
we are able to build a larger samplewith respect to Paper I (∼ 56, 000
vs 19, 000 galaxies), andwe ascribe this to the conservative selection
in photometric redshift that we applied in Paper I. On the other hand,
selecting only spectroscopically confirmed BCGs results in a higher
stellar mass completeness limit ( 1011.35 M�) with respect to Paper
I (1011 M�)

The most significant change with respect to Paper I is the
increase in the number of galaxies for which we can investigate star
formation. While in Paper I we were restricted to a sub-sample of
1,857 BCGs with reliable WISE photometry, here we can extend
the analysis of Paper I to a sample that is nearly 30 times larger.
Furthermore, while in Paper I we had to use WISE IR colours as
proxies for the presence of star formation, here we derive the 𝑆𝐹𝑅 of
the BCGs from SED fitting, which allows us to distinguish between
star-forming and quiescent galaxies on the basis of their 𝑠𝑆𝐹𝑅. In
Appendix A we present a calibration for the WISE colour-colour
diagram that updates the boundaries presented in Jarrett et al. (2011,
2017) to distinguish between star-forming and quiescent BCGs. This
can be used for studies in which 𝑆𝐹𝑅 andM∗ cannot be derived.

In addition to a more accurate distinction between star-forming
and quiescent BCGs, we can also study the evolution of 𝑆𝐹𝑅 and
𝑠𝑆𝐹𝑅, enabling us to directly compare our results with others in the
literature (e.g.: Webb et al. 2015, McDonald et al. 2016, Fogarty
et al. 2017). Unlike Paper I, here we do not estimate the fraction
of AGN hosts. We noticed that WISE colours are able to detect
the galaxies that are dominated by AGN emission, while objects in
which AGN coexist with star formation are below the (𝑊1−𝑊2) =
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B1 B2 B3 B4

Gr LMC HMC Gr LMC HMC Gr LMC HMC Gr LMC HMC

𝑓𝑆𝐵 1.5+0.4−0.4 1.0+0.2−0.2 1.4+1.4−0.8 1.05+0.18−0.16 1.81+0.16−0.15 3.1+1.0−0.9 0.83+0.15−0.13 1.65+0.13−0.12 4.5
+1.1
−1.0 0.7+0.2−0.2 0.86

+0.15
−0.14 4.1+2.0−1.6

𝑓𝑀𝑆 4.4+0.7−0.6 2.7+0.4−0.3 2.3+1.6−1.1 5.0+0.4−0.3 5.7+0.3−0.3 7.9+1.7−1.2 7.2+0.4−0.4 9.2+0.3−0.3 10.5+1.7−1.3 5.8+0.7−0.6 7.8+0.4−0.4 8.0+3.0−1.9

𝑓𝑃𝑎 94.2+0.7−0.8 96.4+0.4−0.4 96.9+1.3−1.9 94.0+0.4−0.4 92.5+0.3−0.3 89.1+1.5−1.9 92.0+0.4−0.4 89.2+0.3−0.3 85.1
+1.6
−1.9 93.6+0.6−0.7 91.4

+0.4
−0.5 88+2−4

𝑓𝑆𝐹 31.8+1.5−1.5 28.8+1.0−0.9 18+4−3 45.2+0.8−0.8 48.1+0.6−0.6 42+3−3 75.6+0.7−0.7 76.6+0.4−0.4 72+2−2 82.2+1.0−1.1 82.8
+0.6
−0.6 87+3−4

𝑓𝑄 68.2+1.5−1.5 71.2+0.9−1.0 82+3−4 54.8+0.8−0.8 51.9+0.6−0.6 58+3−3 24.4+0.7−0.7 23.4+0.4−0.4 28+2−2 17.8+1.1−1.0 17.2
+0.6
−0.6 13+4−3

𝑁𝑔 1, 000 2, 202 117 3, 862 7, 440 344 4, 519 10, 816 403 2, 998 9, 294 246

Table 5. Fraction of starburst ( 𝑓𝑆𝐵), main sequence ( 𝑓𝑀𝑆), passive ( 𝑓𝑃𝑎), star-forming ( 𝑓SF), and quiescent ( 𝑓Q) BCGs as a function of spectroscopic redshift
in each of the Gr, LMC and HMC sub-samples. The fractions are derived in the stellar mass limited sample and are expressed as percentages. 𝑁𝑔 is the number
of BCGs in each sub-sample and in the redshift bins indicated.
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Figure 6. Evolution with redshift of the 𝑆𝐹𝑅 in nearby BCGs. Black circles
show our sample divided in the four redshift bins (B1, B2, B3 and B4). The
inverse triangles correspond to the sub-sample of BCGs catalogued as star-
forming (log (𝑠𝑆𝐹𝑅/yr−1) > −11.5). The x’s represent BCGs detected in
𝑊 4 (𝑊 4 emitters). The squares represent BCGs with SFR ≥ 10M∗/yr. We
apply a small shift in redshift to aid visualising the symbols corresponding to
each sub-sample. The horizontal error bars (only for black circles) represent
the redshift bin size, while the vertical error bars show the 1𝜎 widths of the
𝑆𝐹𝑅 distributions in each bin and for each sub-sample. Purple boxes are the
results from McDonald et al. (2016), green, blue and orange diamonds are
results from Bonaventura et al. (2017) respectively for 24`m faint, detected
and bright BCGs. Red stars are BCGs from the CLASH sample (Fogarty
et al. 2017).

0.8 threshold for a galaxy that is considered an AGN host. Active
Galactic Nuclei will be the subject of a forthcoming analysis.

In this section we discuss the results presented in Section 3 fo-
cusing on three different aspects of star formation in BCGs, namely
the evolution of the 𝑆𝐹𝑅 in nearby BCGs (Section 4.1), the ef-
fect of the ICM cooling on BCG star-formation (Section 4.2), and
the evolution of the star-formation activity as parametrized by the
star-forming and quiescent fractions (Section 4.3)

4.1 The Evolution of the Star Formation Rate in nearby
BCGs

In Section 3.2we showed that the use of theMS classification reveals
that our entire sample of BCGs is dominated by Passive galaxies.
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Figure 7. Top Panel: Specific SFR (𝑠𝑆𝐹𝑅) as a function of redshift for
BCGs. Circles, inverse triangles, x’s, diamonds and squares, are described in
Figure 6. Purple, cyan and yellow rectangles show the results from McDon-
ald et al. (2016), Haarsma et al. (2010) and Fraser-McKelvie et al. (2014),
respectively. The green and red dashed lines are the evolutionary paths of
galaxies in the field and in clusters, respectively, according to Alberts et al.
(2014). The magenta, blue and grey dashed lines respectively show the
evolutionary tracks for the 𝑠𝑆𝐹𝑅 of galaxies resulting from mergers, ICM
cooling and the combination of the two processes, according to McDonald
et al. (2016). Bottom Panel: Density plot of the 𝑠𝑆𝐹𝑅 as a function of
redshift. The plot is colour-coded according to the amount of galaxies in
each cell, and the red dashed lines represent the boundaries of the redshift
bins used in this work.
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𝑆𝐹𝑅 log(M∗) log(𝑠𝑆𝐹𝑅)

bin Gr LMC HMC SF Gr LMC HMC SF Gr LMC HMC SF

B1 0.6+1.0−0.4 0.7
+1.0
−0.4 0.6

+1.0
−0.4 1.8

+2.2
−0.7 11.47+0.19−0.09 11.54

+0.29
−0.13 11.70

+0.35
−0.18 11.47

+0.23
−0.09 -11.68 +0.21

−0.46 -11.72
+0.24
−0.44 -11.90

+0.10
−0.51 -11.28

+0.33
−0.16

B2 0.9+2.0−0.6 1.1
+2.7
−0.7 1.4

+3.6
−1.0 2.4

+4.3
−1.1 11.49 +0.22

−0.10 11.56
+0.29
−0.13 11.74

+0.28
−0.18 11.49

+0.24
−0.10 -11.55 +0.15

−0.43 -11.53
+0.22
−0.47 -11.61

+0.40
−0.54 -11.16

+0.01
−0.25

B3 2.2+4.2−1.3 2.7
+5.7
−1.7 3.4

+8.2
−2.0 3.5

+6.0
−1.9 11.51+0.21−0.11 11.57

+0.28
−0.14 11.75

+0.31
−0.18 11.54

+0.25
−0.12 -11.19+0.08−0.43 -11.17

+0.17
−0.44 -11.21

+0.27
−0.44 -11.02

+0.05
−0.32

B4 2.6+4.8−1.6 3.2
+6.0
−2.0 5+10−3 3.9+6.3−2.1 11.51+0.22−0.10 11.58

+0.27
−0.14 11.74

+0.33
−0.17 11.55

+0.27
−0.13 -11.14+0.02−0.42 -11.11

+0.08
−0.44 -11.08

+0.24
−0.44 -11.00

+0.09
−0.33

Table 6.Median and 1𝜎 width of the 𝑆𝐹𝑅 (inM� /yr),the log(M∗/M�) and the log (𝑠𝑆𝐹𝑅/yr−1) distribution as a function of redshift. Columns represent,
from left to right, the redshift bin, the halo mass class (Gr, LMC and HMC) and the sub-sample of star-forming (SF) BCGs selected according to the criterion
𝑠𝑆𝐹𝑅 > 10−11.5 yr−1.

However, this effect could be a consequence of the fact that the
calibration that we adopt for the evolution of the MS does not take
into account the presence of the break at high M∗ (see Lee et al.
2015). When using the subdivision based on 𝑠𝑆𝐹𝑅 we find that the
fraction 𝑓SF of star-forming galaxies is larger than the fraction 𝑓Q of
quenched galaxies

(
𝑓SF = 0.660+0.002−0.002

)
. This result is significantly

different from what we found in Paper I ( 𝑓SF ∼ 0.09), showing
not only that star-formation is not rare among BCGs but also that
star-forming systems dominate the population of BCGs at 𝑧 < 0.42.
This is in contrast with the conclusions of Fraser-McKelvie et al.
(2014), who selected star-forming BCGs in theWISE colour-colour
diagram and of Oliva-Altamirano et al. (2014) who insted used the
BPT diagram (Baldwin et al. 1981; Kewley et al. 2001) to divide
BCGs with emission lines into star-forming and AGN hosts.

We note, however, that the values of 𝑆𝐹𝑅 for the BCGs in our
sample are low and, as previouslymentioned,most of them lie below
themain sequence for field galaxies at 𝑧 < 0.42.We particularly find
that the median 𝑆𝐹𝑅 in our sample is ∼ 2M�/yr. Thus our results
support the notion that BCGs have in their majority low levels of
star formation, sufficient to classify them as star-forming according
to our 𝑠𝑆𝐹𝑅 = 10−11.5 yr−1 threshold, but not high enough to place
them on the MS.

It is important to stress at this point that our estimates of
M∗ and 𝑆𝐹𝑅 were obtained using the stellar population library
of Maraston (2005). To assess the effects of this assumption we
also performed the SED fitting using the Bruzual & Charlot (2003)
library and obtained similar stellar masses but lower values of 𝑆𝐹𝑅.
The comparisons between the 𝑓Q and 𝑓SF obtained with the two
stellar population libraries and their implications for this paper are
discussed in Section 4.3.

In agreement with Webb et al. (2015) we find that the 𝑆𝐹𝑅
in BCGs increases with redsfhift for the entire, stellar-mass limited
sample and for the three sub-samples of groups, low-halo-mass and
high-halo-mass clusters (see Tables 5 and 6). The median 𝑆𝐹𝑅 per
redshift bin increases from∼ 0.7M�/yr to∼ 3.3M�/yr between the
redshift bins B1 and B4. Figure 6 shows that the 𝑆𝐹𝑅 in our stellar
mass limited sample steadily increases in the range 𝑧 = 0.05 − 0.42
(black circles).

In the same plot we also show the results obtained considering
only star-forming BCGs ( 𝑠𝑆𝐹𝑅 > 10−11.5 yr−1; black inverted
triangles), for BCGs with high star formation (𝑆𝐹𝑅 > 10 M�/yr;
squares), and BCGs with a detection in the𝑊4 band (black x sym-
bols). We will name the BCGs in the latter class 𝑊4 emitters. We
see that when adopting these two different criteria to define star-
forming galaxies, the 𝑆𝐹𝑅 follows different trends with redshift.

Indeed, while BCGs classified as star-forming according to their
𝑠𝑆𝐹𝑅 have high 𝑆𝐹𝑅 in B1 and then undergo a small increase
with redshift with a flattening between B3 and B4, the 𝑊4 emit-
ters have low 𝑆𝐹𝑅 in B1 and then undergo a steep increase with
redshift, reaching the highest 𝑆𝐹𝑅 values in the entire sample. The
trend for the 𝑊4 emitters appears to be in agreement with the re-
sults obtained by Bonaventura et al. (2017), who classified BCGs,
according to their emission at 24`m, as faint, detected and bright
(green, blue and yellow diamonds, respectively, in Figure 6). We
find that star-forming BCGs in B2 have 𝑆𝐹𝑅 values comparable to
BCGs classified as detected and bright, while BCGs in B3 and B4
have 𝑆𝐹𝑅 values comparable to BCGs classified as bright.

Our results can be comparedwith the results ofMcDonald et al.
(2016) (magenta rectangles in Figure 6) only in B3 and B4, because
the sample studied by those authors contains BCGs at 𝑧 > 0.25. The
comparison shows that if we consider all the BCGs in the stellar
mass limited sample or only the star-forming ones, in both cases the
median 𝑆𝐹𝑅 resides below the lower bounds of 𝑆𝐹𝑅 in McDonald
et al. (2016). However, if we restrict ourselves to the 𝑊4 emitters,
which have higher 𝑆𝐹𝑅, we see a better agreement, and the median
𝑆𝐹𝑅 values fall inside the magenta rectangles. Finally the galaxies
with higher star formation 𝑆𝐹𝑅 > 10 M∗/yr, reveals no evolution
along the redshift bins, with flat values in concordance with the
higher bounds of 𝑆𝐹𝑅 in McDonald et al. (2016)

Fogarty et al. (2017) studied star formation in BCGs in the
Cluster Lensing and Supernova Survey with Hubble (CLASH, Post-
man et al. 2012, red stars in Figure 6). They found that the 𝑆𝐹𝑅 also
increases with redsfhit, although with large scatter. We see that our
results are consistent with some of the CLASHBCGs, and that there
are two BCGs at 𝑧 ∼ 0.35 in the Fogarty et al. (2017) sample that
have 𝑆𝐹𝑅 > 100 M� yr−1 (Clusters MACS 1931.8-2653 and RX
1532.9+3021). The median 𝑆𝐹𝑅 from Fogarty et al. (2017) across
the range 𝑧 = 0.187 − 0.545 is consistent with the median 𝑆𝐹𝑅
in the four redshift bins in which we split our sample. The median
𝑆𝐹𝑅 from Fogarty et al. (2017) in the same redshift range agrees
with the median 𝑆𝐹𝑅 for the McDonald et al. (2016) sample, with
the median 𝑆𝐹𝑅 of the Bonaventura et al. (2017) bright galaxies,
and with the median 𝑆𝐹𝑅 of the𝑊4 emitters in this work.

When we split the sample according to M200, we find that
the median 𝑆𝐹𝑅 for Gr, LMC and HMC increases with redshift.
In addition, the evolution of the median 𝑆𝐹𝑅 shows to be related
with the evolution in 𝑓SF: both increase with redshift (see Table 5).
Furthermore, theBCGs in theHMCsub-sample exhibit the strongest
increase in the median 𝑆𝐹𝑅 and in 𝑓SF, which respectively increase
by 7.8 times and 69% between the redshift bins B1 and B4. On the
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other hand, the median 𝑆𝐹𝑅 and the value of 𝑓SF in the galaxies of
the Gr and LMC sub-samples increase by 4.7 and 54% (LMC), and
4.2 and 50% (Gr).

The median M∗ in our BCG sample exhibits a flat trend with
refshift (see Table 6), implying that the median 𝑠𝑆𝐹𝑅 increases
with redshift. It can be seen, from Figure 7, that the median 𝑠𝑆𝐹𝑅
in B1 and B2 is ∼0.5 dex lower than that in B3 and B4. Similarly
to what we observed for the 𝑆𝐹𝑅, star-forming galaxies and 𝑊4
emitters show different trends. In particular, star-forming galaxies
have larger median values of 𝑠𝑆𝐹𝑅 in B1 with a moderate increase
towards higher redshifts, while the𝑊4 emitters show a low median
value of 𝑠𝑆𝐹𝑅 in B1 and a steeper trend with redshift. The median
𝑠𝑆𝐹𝑅 of 𝑊4 emitters in B4 is ∼ 0.6 dex larger than that of star-
forming BCGs.

To explain the evolution of the sSFR in BCGs, McDonald et al.
(2016) proposed that the BCGs have two phases of star formation:
at 𝑧 > 0.6 star formation is driven by gas-rich mergers, while at
𝑧 < 0.6 it is induced by cooling flows. The evolutionary tracks for
the 𝑠𝑆𝐹𝑅 that they derived from this assumption are different from
those followed by field galaxies and non-BCG (satellite) cluster
galaxies (see Figure 7). McDonald et al. (2016) showed that the
𝑠𝑆𝐹𝑅 evolutionary tracks obtained from their two-phase scenario
can model the trend of 𝑠𝑆𝐹𝑅 with redsfhit in their BCG sample at
0.25 < 𝑧 < 1.25. Those tracks are also able to reproduce the results
of Haarsma et al. (2010) and Fraser-McKelvie et al. (2014) at lower
redshifts.

The grey dashed line in Figure 7 represents the model that best
reproduces the results from McDonald et al. (2016). We find that
while the median 𝑠𝑆𝐹𝑅 in B1 and B2 fall on the evolutionary track,
their counterparts in B3 andB4 are above the line.We note, however,
that for the two highest-redsfhit bins, the evolutionary track falls
within the lower 1𝜎 interval of the 𝑠𝑆𝐹𝑅 distributions, suggesting
that our results do not rule out the conclusions of McDonald et al.
(2016) at 0.25 ≤ 𝑧 < 0.42.

If we only restrict ourselves to star-forming BCGs, we note
that the median 𝑠𝑆𝐹𝑅 lies above the grey line at any resdhift in
the range 0.05 ≤ 𝑧 < 0.42 and that the line is below the lower 1𝜎
bound of the 𝑠𝑆𝐹𝑅 distribution. This suggests that the McDonald
et al. (2016) fiducial model underpredicts our measurements and
that a model that describes the evolution of the 𝑠𝑆𝐹𝑅 in BCGs
as a function of redshift must account for higher 𝑠𝑆𝐹𝑅. We note,
however, that our results are less than 2𝜎 off the grey line, indicating
that we cannot statistically rule out the evolutionary scenario for the
𝑠𝑆𝐹𝑅 in BCGs proposed by McDonald et al. (2016) when we only
consider star-forming galaxies.

Interestingly, the median 𝑠𝑆𝐹𝑅 for star-forming BCGs at 𝑧 <
0.25 is closer to the evolutionary track for cluster satellite galaxies
from Alberts et al. (2014) (red dashed line) than to the McDonald
et al. (2016) fiducial model. At higher redshifts it is located between
the red and the grey line (in B3 it is slightly closer to the red line).

𝑊4 emitters show an even different behaviour. The median
𝑠𝑆𝐹𝑅 for these galaxies is closest to the McDonald et al. (2016)
fiducial model at 0.05 ≤ 𝑧 < 0.15, whereas it lies on or extremely
close to the red line at higher redshifts. This would suggest that
the 𝑠𝑆𝐹𝑅 evolution for these galaxies is well described by the
evolutionary tracks for satellite cluster galaxies. However, except
for the result in B4 we cannot statistically rule out the McDonald
et al. (2016) evolutionary track.

We note that the results from Bonaventura et al. (2017) are
in agreement with the McDonald et al. (2016) fiducial model only
in the case of BCGs with faint emission at 24`m, whereas galax-
ies with brighter emission at 24`m are intermediate between the

satellite track and the McDonald et al. (2016) fiducial model. Inter-
estingly, the 𝑠𝑆𝐹𝑅 of bright 24`m emitters agree with the track for
the 𝑠𝑆𝐹𝑅 evolution of field galaxies (green dashed line).

The results from our analysis of the evolution of the star for-
mation activity in BCGs support a scenario in which the 𝑆𝐹𝑅 and
𝑠𝑆𝐹𝑅 for these galaxies decrease as a function of cosmic time.
McDonald et al. (2016) propose a model in which the processes
that drive the occurrence of star formation in BCGs change with
redshift. In particular, they propose that the star formation in BCGs
was merger-driven at 𝑧 > 0.6 and cooling-flow driven at lower
redshifts. The evolutionary tracks for the 𝑠𝑆𝐹𝑅 resulting from this
descriptive model lie below our median 𝑠𝑆𝐹𝑅, suggesting that they
underpredict the 𝑠𝑆𝐹𝑅 in BCGs as observed in this work. We note,
however, that the McDonald et al. (2016) fiducial model cannot be
statistically ruled out, since it is within the 2𝜎 width of the 𝑠𝑆𝐹𝑅
distributions in all the bins in which we split the redshift range
0.05 ≤ 𝑧 < 0.42.

Our sample contains ∼ 56, 000 galaxies, providing large statis-
tics for the analysis of star formation in BCGs. We argue, therefore,
that the McDonald et al. (2016) descriptive model can be improved
taking our results into account and including AGN physics, since
this affects the BCG star formation as discussed in the next section.

4.2 Cooling flows as drivers of star-formation

The existence of cool cores in galaxy clusters (e.g., Rafferty et al.
2008; Pipino et al. 2011; Runge & Yan 2018) provides an important
clue about how the cold gas from the ICM enters the galaxy. The
ICM loses energy by emittingX-ray photons. Since the gas is densest
in the central regions of clusters, a cooling flow is generated where
the gas cools down and flows into the central BCG. Nonetheless,
the 𝑆𝐹𝑅 (e.g. Webb et al. 2015; Bonaventura et al. 2017) and the
reservoirs of molecular gas (Webb et al. 2017) in BCGs are lower
than what would be expected if all the inflowing gas went to feed
the star formation (see e.g. Fabian & Nulsen 1977; Fabian 1994).
This cooling flow problem is solved by taking into account the AGN
activity in the BCG. By comparing the energy needed to create X-
ray cavities, we can estimate the amount of energy deposited by
jets and this compensates the cooling in many cases (e.g. Hlavacek-
Larrondo et al. 2015; see also McCarthy et al. 2004, 2008).

To test the influence of ICM cooling on the star-formation
activity of BCGs, we matched our catalogue with the Archive of
ChandraCluster Entropy Profile Tables (ACCEPT, Cavagnolo et al.
2009). The latter catalogue presents the parameters of the ICM
entropy profiles of 239 clusters of galaxies from which one can
derive the cooling time profiles, characterised as:

tcool (r) = tc0 + t100
(

r
100 kpc

)𝛼
yr ,

where 𝑟 is the projected distance (in kpc) from the cluster centroid,
tc0 is the cooling time in the core of the cluster, t100 is a normaliza-
tion at 100 kpc and 𝛼 is the exponent of the power law.

Donahue et al. (2005) showed that the best-fit core entropy
(𝐾0) is related to tc0; then, assuming that free-free interactions are
the main cooling mechanism, Cavagnolo et al. (2009) obtained that
the parameter tc0 is defined by the equation:

tc0 = 108yr
(

K0
10 KeV cm2

)3/2 ( kTx
5 KeV

)−1
,

where kTx is the average cluster energy.
In Paper I we used a sub-sample of 17 BCGs detected in SDSS

and WISE (𝑊1, 𝑊2 and 𝑊3 bands), and other 27 galaxies with
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Figure 8. Stellar mass (top panel), 𝑆𝐹𝑅 (middle-top panel), 𝑠𝑆𝐹𝑅

(middle-bottom panel) and the halo mass (bottom panel) as a function of the
cooling time (tcool). Vertical shows strong cool cores (left side of red line)
weak cool core (between red and blue line) and non cool core (right side of
blue line). Colour bars indicate the spectroscopic redshift.

upper limits in the WISE 𝑊3 filter. Here we perform the match
between our upgraded BCG sample and the ACCEPT catalogue,
using a maximum matching radius of 25.6′′ (corresponding to a
linear projected distance of 25.2 kpc and 143.1 kpc at 𝑧 = 0.05
and 𝑧 = 0.42, respectively). We obtain a sub-sample of 52 BCGs
that are in common between the two data-sets, which we will here-
after identify as theACCEPT-matched sub-sample. This sub-sample
comprises clusters with masses 14.09 < log (M200/M�) < 15.28,
𝑆𝐹𝑅 in the range 0.08 M�/yr < 𝑆𝐹𝑅 < 275.51 M�/yr and stellar
masses in the range 11.40 < logM∗/M�) < 12.33.

Defining whether a cluster has a cool core (CC) or not (NCC)
is a matter of debate, since it is not clear what is the best parameter
to use for such subdivision. Several works show that the thermal
instabilities are well described by the ratio between the cooling
time (tcool) and the free-fall time (e.g. McCourt et al. 2012; Voit &
Donahue 2015). However, Hudson et al. (2010) showed that tcool is
also an effective parameter to separate CC fromNCC. This indicates
that although the cooling time by itself is not the only parameter that

describes thermal instabilities, it is still a good parameter to identify
clusters with cool cores. Hudson et al. (2010) further classified cool-
core clusters into strong cool core (SCC; tcool< 1.2 Gyr), weak cool
core (WCC; 1.2 Gyr <tcool< 9.1 Gyr), and no cool core (NCC;
tcool> 9.1 Gyr). Our ACCEPT-matched sub-sample has a median
tcool= 1.09 Gyr and, following the Hudson et al. (2010) criterion,
48% of it is composed of SCC, 44% is composed of WCC and 8%
is composed of NCC.

The comparison between the properties of the BCGs in CC
(WCC and SCC) and NCC, reveals that the BCGs in CC clusters
have higher 𝑆𝐹𝑅, higher 𝑠𝑆𝐹𝑅, and are in clusters with lower halo
mass than the galaxies in NCC (see Table 7). However, we note that
there are only 2 BCGs inNCC in theACCEPT-matched sub-sample,
so they cannot be used to make robust comparisons.

Table 7 shows that the BCGs in SCC have lower median M∗,
higher median 𝑆𝐹𝑅 and higher median 𝑠𝑆𝐹𝑅 than BCGs that are
in WCC. Furthermore, SCC are in clusters with lower M200 in
comparison with WCC. These comparisons suggest the existence
of a correlation between the internal properties of the BCGs and
the strength of the cool core. As shown in theoretical works such
as McCarthy et al. (2004), McCarthy et al. (2008) and Gaspari
& Sądowski (2017), the AGN in the centre of the BCG acts in
regulating the cooling flow. When the ICM gas cools down, it sinks
towards the centre of the galaxy. When this happens, the central
black hole of the BCG is fed, and an AGN may be activated. As a
result, the outflow generated by the AGN warms up the inflowing
cool gas around the BCG, and any ongoing star formation is halted.
We stress here that there are only 48 clusters with WCC or SCC,
corresponding to 0.1% of the stellar-mass limited sample, and this
implies that a larger sample with cooling time information is needed
to draw statistically significant conclusions on this point.

If we use the (𝑊1 −𝑊2) colour to select AGN-host galaxies
(𝑊1 −𝑊2 > 0.8, Jarrett et al. 2011; Cluver et al. 2014) we find no
AGNhost in theBCGs of SCC andWCC (nor in the entireACCEPT-
matched sub-sample). We stress, however, that with this criterion,
it is only possible to identify galaxies in which the emission at IR
wavelengths is dominated by the AGN: for BCGs in which the IR
emission is only partially contributed by the AGN, this criterion is
unable to recover AGN hosts (see Stern et al. 2012, Hogan et al.
2015b,a, Green et al. 2016, and Section 4.3 in Paper I).

In order to assess the effects of cooling flows on BCG and
cluster properties, we studied the correlations between tcool and
M∗, 𝑆𝐹𝑅, 𝑠𝑆𝐹𝑅 andM200. We find that tcool is anti-correlated with
𝑆𝐹𝑅 and 𝑠𝑆𝐹𝑅 and correlated withM∗ andM200 with Spearman’s
p-values < 5%.We note that the strongest correlation is withM∗, for
whichwe find that the probability for tcool andM∗ to be uncorrelated
is 𝑝 = 0.01 and the correlation coefficient is 𝜌 = 0.49 (see Tab.8
and top panel of Fig. 8).

The correlation between M∗ and tcool is also in agreement
with the results of Paper I, where we found a tendency for the
galaxieswith higherM∗ to be in clusterswith longer tcool. This result
suggests that the stellar mass of BCGs may affect the regulation of
the temperature of the ICM in the core of the cluster. As shown in
Best et al. (2005) and Croft et al. (2007), the AGN fraction in BCGs
increases with stellar mass, indicating that low-mass BCGs are less
likely to have active nuclei. On the other hand, AGN outflows can
heat up the ICM surrounding the BCG, increasing the value of tcool
(McCarthy et al. 2004, 2008). Thus, our results support the notion
that the anti-correlation that we find between M∗ and tcool is a
reflection of the fact that AGN are more frequent in more massive
BCGs and, as a consequence, the ICM around the most massive
BCGs is warmer than that around the least massive ones.
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Galaxies log(M∗) 𝑆𝐹𝑅 log(𝑠𝑆𝐹𝑅) log(𝑀200) 𝑊 1 −𝑊 2 tcool zspec

No [M�] [M� /yr] [yr−1 ] [M�] [yr]

SCC 25 11.76+0.37−0.16 3 +92
−2 -11.0+1.5−0.8 14.70+0.41−0.22 0.22+0.07−0.10 0.26+0.72−0.17 0.21+0.09−0.08

WCC 23 11.96+0.06−0.21 2.2+6.2−1.6 -11.6+0.21−0.56 14.88+0.30−0.19 0.18+0.06−0.11 3.2+2.5−1.2 0.21+0.07−0.12

CC 48 11.86+0.19−0.19 3 +24
−2 -11.5+1.1−0.7 14.78+0.43−0.21 0.194+0.088−0.097 1.1+2.8−0.9 0.22+0.08−0.11

NCC 4 11.82+0.21−0.04 3.5 +4.9
−1.3 -11.29+0.17−0.26 15.03+0.08−0.10 0.211+0.079−0.009 12+11−1 0.300+0.051−0.051

Total 52 11.86+0.19−0.19 3 +22
−2 -11.45+0.99−0.61 14.79+0.42−0.19 0.197+0.086−0.093 1.3+4.2−1.1 0.22+0.08−0.12

Table 7. Number of galaxies, median and 1𝜎 widths of the distributions of log (M∗/M�) , 𝑆𝐹𝑅, log (𝑠𝑆𝐹𝑅/yr−1) , log (M200/M�) , (𝑊 1 −𝑊 2) , tcool and
zspec for, from left to right, BCGs in SCC, WCC, CC and NCC clusters, and for the BCGs in all the clusters that are in the ACCEPT-matched sub-sample (i.e.
CC and NCC).

Parameter 𝜌 𝑝

log (M∗/M�) 0.51 0.01%
log (𝑆𝐹𝑅/M� yr−1) -0.31 3.12%
log (𝑠𝑆𝐹𝑅/yr−1) -0.42 0.29%
log (M200/M�) 0.32 2.31%

Table 8. Spearman’s correlation coefficient 𝜌 and p-value for log
tcool vs, from top to bottom, log (M∗/M�) , log (𝑆𝐹𝑅/M� yr−1) ,
log (𝑠𝑆𝐹𝑅/yr−1) , and log (M200/M�) . The values refer to the ACCEPT-
matched sub-sample.

The 𝑆𝐹𝑅 and the 𝑠𝑆𝐹𝑅 are anti-correlated with tcool; we find
𝑝 < 4% of obtaining higher values of 𝜌 in the case of the ACCEPT-
matched sub-sample.

The fact that 𝑆𝐹𝑅 and 𝑠𝑆𝐹𝑅 are anti-correlated with tcool is
clear by looking at the middle panels in Figure 8 and is in agreement
with the conclusions of Paper I, in which we found that the BCGs
with IR colours (𝑊2 − 𝑊3) ≥ 1.5 (star-forming) are in clusters
with tcool < 1 Gyr, while BCGs with (𝑊2−𝑊3) < 1.5 (quiescent)
reside in clusters with a broad range of cooling times. From these
results we concluded that the galaxies in clusters with short tcool are
more star forming.

Unlike Paper I, we find that tcool is also correlated withM200.
We find indeed 𝜌 = 0.32 (0.40 if we only consider BCGs at 𝑧 >
0.15) with 𝑝 = 2.31% (𝑝 = 1.83% if we only consider BCGs at
𝑧 > 0.15; see Table 8 and the bottom panel of Figure 8). Thus,
our results suggest that clusters with higher halo masses also have
longer cooling times.

The correlations of tcool withM∗ andM200 could be explained
if we consider the presence of an AGN in the BCG. As the stellar
mass of a galaxy (not necessarily a BCG) increases, the mass of
its central black hole will also increase (Reines & Volonteri 2015).
This implies that the strength of the nuclear activity increases with
M∗ (e.g. Borys et al. 2005; LaMura et al. 2012). At the same time, it
is observed that clusters with largerM200 contain BCGs with larger
M∗ (e.g. Lidman et al. 2012, Lavoie et al. 2016, Bellstedt et al.
2016). Thus, the correlation between tcool and M200 may just be a
reflection of theM∗-M200 relation.

The analysis of AGN in BCGs is beyond the scope of this paper
and will be the object of a forthcoming paper in this series. Here we
just stress that our results suggest that AGN feedback is responsible
for halting the star formation induced by cooling flows in BCGs.
Since high-M∗ galaxies have stronger AGN activity than low-M∗

𝑧spec 𝑓Q 𝑓SF 𝑁𝑔

0.05 − 0.15 0.707+0.008−0.008 0.293+0.008−0.008 3, 319

0.15 − 0.25 0.530+0.005−0.005 0.470+0.005−0.005 11, 646

0.25 − 0.35 0.239+0.003−0.003 0.761+0.003−0.003 15, 722

0.35 − 0.42 0.195+0.004−0.003 0.805+0.003−0.004 12, 550

Table 9. Fractions of quiescent ( 𝑓Q) and star-forming ( 𝑓SF) BCGs as a
function of spectroscopic redshift. The last column in the table indicates the
number of galaxies, 𝑁𝑔 , in each bin.

galaxies, star formation is more likely to be quenched in massive
BCGs than in low-mass BCGs.

4.3 The Evolution of the star-forming and quiescent BCG
fractions

Paper I showed that the fractions of star-forming and quiescent
BCGs depend on photometric redshift, cluster mass and BCG stellar
mass. In particular, we showed that 𝑓SF ( 𝑓Q) increases (decreases)
with redshift and decreases (increases) with cluster mass and BCG
stellar mass. Unlike this work, in Paper I we selected star-forming
and quiescent galaxies using the (𝑊1−𝑊2) vs (𝑊3−𝑊4) colour-
colour diagram and adopting the boundaries proposed in Wright
et al. (2010). In Appendix A we show that (𝑊2 −𝑊3) = 1.3 rep-
resents a better limit to divide between star-forming and quiescent
galaxies with respect to the (𝑊2−𝑊3) = 1.5 limit that was used in
Paper I.

As shown in the same Appendix, a subdivision based on 𝑠𝑆𝐹𝑅
is more rigorous than one based on colours, and in this section we
revisit the results shown in Sections 4.2 and 4.4 of Paper I in the
light of the measurements of the stellar population parameters that
we obtained from SED fitting. Tables 9, 10 and 11 show the values
of the quiescent and star-forming fractions as a function of 𝑧spec,
M200, andM∗. While the values of 𝑓Q and 𝑓SF as a function of each
quantity are plotted in Figure 9. The errors on the fractions were
determined following Cameron (2011).6

It can be seen that, while we find again the increasing (de-
creasing) trend of 𝑓SF with redshift (M∗), the dependence of the

6 The same method was adopted to derive the error quoted in Tables 4 and
5.
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Figure 9. Fractions 𝑓Q and 𝑓SF of quiescent and star-forming BCGs as a function of spectroscopic redshift 𝑧spec, clusterM200 and BCGM∗. In agreement with
Paper I we find that 𝑓Q ( 𝑓SF) decreases (increases) with 𝑧spec and decreases (increases) with M200 and M∗. The trends of the fractions with M200 are weaker
with respect to those reported in Paper I.

log (M200/M�) 𝑓Q 𝑓SF 𝑁𝑔

13.78 − 14.18 0.330+0.003−0.003 0.670+0.003−0.003 33, 679

0.260+0.004−0.004 0.740+0.004−0.004 13, 880

0.378+0.003−0.003 0.622+0.003−0.003 19, 799

14.18 − 14.58 0.368+0.005−0.005 0.632+0.005−0.005 8, 411

0.256+0.010−0.010 0.744+0.010−0.010 1, 941

0.402+0.006−0.006 0.598+0.006−0.006 6, 470

14.58 − 14.98 0.458+0.015−0.015 0.542+0.015−0.015 1, 097

0.35+0.05−0.04 0.65+0.04−0.05 117

0.470+0.016−0.016 0.530+0.016−0.016 980

14.98 − 15.38 0.48+0.07−0.07 0.52+0.07−0.07 50

0.21+0.30−0.15 0.79+0.15−0.30 2

0.50+0.07−0.07 0.50+0.07−0.07 48

Table 10. Fractions of quiescent ( 𝑓Q) and star-forming ( 𝑓SF) BCGs as a
function of cluster halo mass. The last column in the table indicates the
number of galaxies,𝑁𝑔 , in each bin. The three entries in each bin correspond,
from top to bottom, to all BCGs, low-M∗ BCGs (11.35 ≤ log (M∗/M�) <
11.5), and high-M∗ BCGs (log (M∗/M�)) ≥ 11.5).

fractions on cluster mass is weaker than what we found in Paper I.
Thus, while we agree with and strengthen the conclusions of Paper
I on the evolution of 𝑓SF and 𝑓Q and on their dependence on stel-
lar mass, we find that cluster mass does not significantly affect the
presence of star formation in BCGs. Interestingly, the sample that
we use here is complete at M∗ = 1011.35M� , which is 2.3 times
higher than the stellar mass limit of the sample analysed in Paper
I (M∗ = 1011.0M�). We are therefore sampling a narrower stellar
mass range, suggesting that the weak trend of the fractions with
cluster mass could be a reflection of the fact that we are sampling
the M∗-M200 correlation within a narrower M∗ range with respect
to Paper I.

In Paper I we noticed that at all redshfits 𝑓SF > 𝑓Q, which we
attributed to the fact that the sample was selected to have reliable
photometry in all the𝑊1,𝑊2 and𝑊3 bands. Such a selection was
biased towards star-forming galaxies, resulting in high values of
𝑓𝑆𝐹 . Here we see that 𝑓SF < 𝑓Q at 𝑧 < 0.2 and 𝑓SF > 𝑓Q at 𝑧 > 0.2.

log (M∗/M�) 𝑓Q 𝑓SF 𝑁𝑔

11.35 − 11.55 0.275+0.003−0.003 0.725+0.003−0.003 21, 615

0.277+0.004−0.004 0.723+0.004−0.004 11, 573

0.273+0.004−0.004 0.727+0.004−0.004 10, 042

11.55 − 11.75 0.380+0.004−0.004 0.620+0.004−0.004 16, 308

0.392+0.006−0.006 0.608+0.006−0.006 6, 545

0.371+0.005−0.005 0.629+0.005−0.005 9, 763

11.75 − 11.95 0.473+0.007−0.007 0.527+0.007−0.007 4, 789

0.478+0.015−0.015 0.522+0.015−0.015 1, 060

0.471+0.008−0.008 0.529+0.008−0.008 3, 729

11.95 − 12.15 0.60+0.02−0.02 0.40+0.02−0.02 495

0.48+0.09−0.09 0.52+0.09−0.09 27

0.60+0.02−0.02 0.40+0.02−0.02 468

12.15 − 12.35 0.82+0.05−0.09 0.18+0.09−0.05 28

0.82+0.05−0.09 0.18+0.09−0.05 28

Table 11. Fractions of quiescent ( 𝑓Q) and star-forming ( 𝑓SF) BCGs as a
function of the BCGM∗. The last column in the table indicates the number
of galaxies, 𝑁𝑔 , in each bin. The three entries in each bin correspond, from
top to bottom, to all clusters, low-M200 clusters, and high-M200 clusters.
Low- and high-M200 clusters are defined as those with 6.0 × 1013 𝑀� ≤
𝑀200 < 𝑀200,median and as those with 𝑀200 ≥ 𝑀200,median, respectively.
𝑀200,median is the median cluster mass of the entire sample. It can be seen
that there are no BCGs in low-M200 clusters in the highest-M∗ bin.

If we look at the plots of the fractions as a function ofM200, we see
that 𝑓SF > 𝑓Q at all values of the cluster mass. This is remarkable,
since in this work we are not applying the strict quality criteria that
were used to select objects in the AllWISE catalogue and which
produced a sample biased towards star-forming BCGs.

However, we notice that the estimates of 𝑆𝐹𝑅 and stellar mass
are sensitive to the stellar population libraries employed in the SED
fitting. Running CIGALE with the Bruzual & Charlot (2003) stellar
population libraries, we found that although the trends with cluster
redshift, cluster halo mass and BCG stellar mass remain unchanged,
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𝑓SF is always lower than 𝑓Q at all redshifts, cluster masses and BCG
stellar masses.

This result would support the notion that star-forming BCGs
are always fewer than quiescent BCGs regardless of cosmic epoch,
cluster mass and BCG stellar mass. In particular, the values of 𝑓SF
at 𝑧 < 0.25 are similar to those reported in Fraser-McKelvie et al.
(2014), although we remind here that the values of 𝑓Q and 𝑓SF for
that sample were obtained using the boundaries in the (𝑊1 −𝑊2)
vs (𝑊2 −𝑊3) colour-colour diagram that we adopted in Paper I.

We notice that the difference between the results obtained using
the Maraston (2005) stellar population library and those obtained
with the Bruzual & Charlot (2003) library are a consequence of
the fact that the adoption of the latter in the SED fitting results
in lower estimates of the 𝑆𝐹𝑅. We find that the stellar masses
derived with the two template libraries are similar at all redshifts
(similar values for the biweight location and scale; Beers et al.
1990). On the other hand, the values of the biweight location and
scale of the 𝑆𝐹𝑅 distribution derived with the Bruzual & Charlot
(2003) library range between 𝑆𝐹𝑅BW = 0.2 ± 0.2 M� yr−1 and
𝑆𝐹𝑅BW = 0.9± 0.8 M� yr−1, while we obtain 𝑆𝐹𝑅BW = 0.7± 0.6
M�yr−1 and 𝑆𝐹𝑅BW = 3.1 ± 3.1 M� yr−1 with the Maraston
(2005) libraries. Thus the use of the Bruzual & Charlot (2003)
libraries results in narrower distributions of 𝑆𝐹𝑅 with values of the
biweight location that are at most 2 M�/yr−1 lower. It should be
stressed that although we find this difference, at any redshift the two
values of the biweight location of the 𝑆𝐹𝑅 are consistent with each
other within their respective biweight scales.

It is important to note that although we find that the majority
of BCGs at 𝑧 > 0.2 are star-forming, most of them have 𝑆𝐹𝑅 lower
than the field MS at the same redshifts. Furthermore, our definition
of star-forming BCGs is based on an arbitrary yet conservative
threshold on 𝑠𝑆𝐹𝑅. If we used the limit 𝑠𝑆𝐹𝑅 = 10−11 yr−1 to
select star-forming galaxies, we would end up with 𝑓SF< 𝑓Q at all
redshifts.

Our results on the trends of 𝑓SF and 𝑓Q with redshift agree
with Wen & Han (2020), who find an increase in the fraction of
star-forming BCGs in a sample of clusters detected in the Sub-
aru Hyper-Suprime Cam. They find an increasing fraction of star-
formingBCGs at 0.2 < 𝑧 < 1.5, although 𝑓SF < 0.16 at the redshifts
of our sample. Our estimates of 𝑓SF in the lowest-redshift bin are
also consistent with the value derived from the sample of Fraser-
McKelvie et al. (2014). Radovich et al. (2020), on the other hand,
find that the fraction of blue BCGs increases from ∼ 20% to ∼ 40%
at 𝑧 < 0.4 in the Kilo Degree Survey (KiDS, de Jong et al. 2013).
Pipino et al. (2011) also report an increase with redshfit of the frac-
tion of blue BCGs, although milder (5 to 10% at 0.1 < 𝑧 < 0.3)
than Radovich et al. (2020). We split our sample into blue and red
BCGs, adopting the same criterion used in Paper I that blue BCGs
are those with rest-frame (𝑔 − 𝑟) colours bluer than 2𝜎 below the
median of the rest-frame (𝑔− 𝑟) distribution and all the other BCGs
are red and studied 𝑓SF and 𝑓Q. We find, in agreement with Paper
I, that the majority (i.e. 0.777 ± 0.008) of the blue BCGs in our
sample are star-forming and that the 𝑓SF of blue BCGs increases
with redshift from 0.45+0.04−0.04 to 0.871

+0.010
−0.012. Thus, our results sug-

gest that an increase with redshift of the fraction of blue BCGs as
reported in Radovich et al. (2020) and Pipino et al. (2011) is driven
by the increase in 𝑓SF. In Figure 10 we plotted the rest-frame (𝑔−𝑟)
colour as a function of redshift. It can be seen that the boundary
between blue and red BCGs is redshift-dependent, and we note, at
least qualitatively, that the BCGs with the highest 𝑠𝑆𝐹𝑅 tend to be
blue.

When we consider red BCGs, we find that 𝑓SF = 0.652±0.002.

Interestingly, the star-forming fraction increases with redshift from
𝑓𝑆𝐹 = 0.283 ± 0.008 at 𝑧 ∼ 0.1 to 𝑓SF = 0.800 ± 0.004 at 𝑧 ∼ 0.4,
showing a trend similar to that observed in the blue and total (i.e.
blue+red) BCG samples. These results suggest, in agreement with
Paper I, that a significant fraction of star-formingBCGsmay be dust-
rich. Our works are not the only studies that report the presence of
dust in BCGs; for example, O’Dea et al. (2010) showed that the
FUV SFR in BCGs at 𝑧 < 0.31 is lower than that estimated from IR
luminosity, which they attributed to dust extinction. Fogarty et al.
(2019) reported the presence of dust and molecular gas in the BCG
of the cluster MACS 1931.8-2635, at 𝑧 = 0.35, while Edge et al.
(2002) presented measurements of the molecular gas-to-dust ratio
in BCGs at 𝑧 < 0.5

The trend of 𝑓SF with M∗ that we find in this work agrees
with the results of Oliva-Altamirano et al. (2014), although those
authors also detected a strong, increasing trend of the quiescent
BCG fraction with cluster mass. We argue that the difference with
our results may be due to the different definitions of star-forming
and quiescent galaxies in Oliva-Altamirano et al. (2014), who used
the H𝛼 line to derive the 𝑆𝐹𝑅, and to the fact that those authors
also considered AGN-hosts in their sample. Wen &Han (2020) also
report no significant trend of the star-forming BCG fraction with
cluster halo mass, although these authors use M500 as a proxy for
cluster mass instead ofM200.

The trends of 𝑓Q and 𝑓SF with M200 and M∗ hold at all red-
shifts. However, since 𝑓Q ≥ 𝑓SF at 𝑧 < 0.25, star-forming BCGs are
proportionally fewer than quiescent BCGs at the low-redsfhit end of
our sample. Table 10 shows that if we split our sample into low-mass
and high-mass BCGs, using the limitM∗= 1011.5 M� , we find that
there is a slight decrease in 𝑓SF with M200 for high mass BCGs,
whereas 𝑓SF remains approximately constant with M200 for low-
mass BCGs. On the other hand, Table 11 shows that when dividing
the sample into low- and high-mass clusters, using the median of
M200 as separation value, in low-mass clusters 𝑓SF decreases with
M∗ up to M∗ ∼ 1011.7, while 𝑓Q ∼ 𝑓SF at higher M∗. In high-
mass clusters the trends of 𝑓Q and 𝑓SF withM∗ are similar to those
observed for the entire sample. The fact that 𝑓SF increases with
M∗ agrees with other works in the recent literature such as Oliva-
Altamirano et al. (2014), Gozaliasl et al. (2016) and De Lucia et al.
(2019), and supports the notion that BCGs with low stellar masses
quench star-formation at later times with respect to BCGs with high
stellar masses.

We can conclude that, using a sample of BCGs larger than the
one of Paper I, with deeper IR photometry and a separation between
star-forming and quiescent BCGs based on the 𝑠𝑆𝐹𝑅 instead of the
WISE colour-colour diagram, we find again the trends of 𝑓Q and
𝑓SF seen in Paper I. Therefore, the results of this paper support a
scenario in which BCGs quenched their star formation with a time-
scale that decreases withM∗ (see e.g. Hahn et al. 2017). McDonald
et al. (2016) showed that the star formation in BCGs at 𝑧 < 0.6 is a
result of cooling flows, and several theoretical models such as those
of McCarthy et al. (2004, 2008) and Gaspari & Sądowski (2017)
have shown that AGN feedback is the main quenching driver of
cooling-flow-induced star formation. In this paper we find a weak
but significant correlation betweenM∗ and tcool, according to which
low-M∗ BCGs tend to reside in clusters with shorter tcool. In Section
4.2 we argued that, since the strength of the AGN activity increases
withM∗, the ICM around the most massive BCGs has already been
warmed up by the AGN outflows. We do not have estimates of tcool
for the entire sample; however, the fact thatmoremassiveBCGs tend
to be less star-forming than their low-mass counterparts, together
with the fact that the AGN fraction increases with stellar mass (Croft
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Figure 10.Rest-frame (𝑔−𝑟 ) colour as a function of BCG redshift. The plot
is colour coded according to the mean value of 𝑠𝑆𝐹𝑅 in each cell of the 2d
histogram. The vertical solid lines represent the boundaries of the redshift
bins used in this work, while the horizontal dashed lines correspond to the
boundaries between blue and red BCGs in each redshift bin. The circles with
the error bars connected by the solid black line correspond to the median
and 1𝜎 widths of the colour distributions in each redshift bin. Each cell in
the histogram contains at least two BCGs. Regions in the planes with only
one BCG are not condidered.

et al. 2007), suggest that AGN feedback may be the main driver of
quenching in these galaxies.

5 SUMMARY AND CONCLUSIONS

We presented a study of the star-formation activity in a sample
of 56,399 BCGs at 0.05 < 𝑧 < 0.42 drawn from the WHL15
galaxy cluster catalogue. We selected galaxies with spectroscopic
redshifts and high S/N photometric data from SDSS (S/N >10) and
WISE (S/N > 5). We used the CIGALE code to fit models of SFH,
SSP, attenuation law and dust emission, to estimate theM∗ and the
𝑆𝐹𝑅 in the entire sample. We limited our analysis to galaxies with
stellar masses larger than the completeness limit at 𝑧 = 0.42, that
is M∗> 1011.35 M� . The main conclusions of this work are the
following:

• adopting the criterion 𝑠𝑆𝐹𝑅 > 10−11.5 yr−1 to select star-
forming galaxies, we find that star formation occurs in ∼ 66% of
our sample (Figure 9 and Table 9);

• both the 𝑆𝐹𝑅 and the 𝑠𝑆𝐹𝑅 of BCGs increase with redshift.
Although this trend agrees with most published studies, the selec-
tion criteria used to define star-forming galaxies affect its shape. In
particular, star-forming galaxies selected according to their bright-
ness at _ = 24`𝑚 show the steepest increase in the 𝑆𝐹𝑅 vs 𝑧 and
𝑠𝑆𝐹𝑅 vs 𝑧 planes (Figures 6 and 7);
• our values for the 𝑆𝐹𝑅 agree with the predictions of the mod-

els of McDonald et al. (2016) at 𝑧 < 0.15. However, at higher
redshifts, the median values of our estimates of the 𝑆𝐹𝑅 are higher
than the predictions of the models. This suggests that the transi-
tion from merger-induced to ICM-cooling-induced star formation
happens below 𝑧 = 0.6 (Figure 7);

• we find that 𝑆𝐹𝑅 and 𝑠𝑆𝐹𝑅 are anti-correlated with the ICM
cooling time tcool in the sub-sample of clusters for which there are
X-ray data available from the ACCEPT catalogue (Figure 8, central
panels, and Table 8) We also find that M∗ and M200 are correlated
with tcool(Figure 8, top and bottom panels, and Table 8).

• the fraction 𝑓SF of star-forming BCGs is not significantly de-
pendent on the cluster halo mass M200. In particular, for low-mass
BCGs the trend of 𝑓SF withM200 is flat, while for high-mass BCGs

𝑓SF shows a slight decrease withM200(Figure 9, central panel, and
Table 10);

• 𝑓SF and the fraction 𝑓Q of quiescent BCGs are strongly de-
pendent on BCG stellar mass: 𝑓SF decreases withM∗, while 𝑓Q in-
creases withM∗. When splitting the sample into low- and high-mass
clusters, we see that in the first case 𝑓SF( 𝑓Q) decreases (increases)
with M∗ up to M∗∼ 1011.7 M� . At higher stellar masses 𝑓Q∼ 𝑓SF.
In high-mass clusters the trends of 𝑓SF and 𝑓Q withM∗ do not dif-
fer from those observed in the entire sample (Figure 9, right-hand
panel, and Table 11);

• ∼ 80% of blue BCGs are also star-forming, and the fraction of
star-forming blue BCGs increases by ∼ 40% in the redshift range
considered in this paper. Our results also suggest that star formation
in BCGs is obscured by dust, as indicated by the high fraction
(∼ 65%) of red star-forming BCGs (See Section 4.3).
These results support the hypothesis that the cooling of the ICM

induces star formation in BCGs. However, the correlations of M∗
and M200 with tcool suggest that AGN, which are more frequent
in high-mass galaxies, are heating the intra-cluster gas around the
BCG, thus quenching or even preventing the formation of stars.With
the ACCEPT-matched sample being small, we are not able to draw
robust conclusions on this, and we leave the study of the interplay
between AGN and cluster and BCG properties to a forthcoming
paper.

The picture that this work draws is that the occurrence of star-
formingBCGs is not rare. However, most BCGs have a low 𝑆𝐹𝑅 and
are located below the MS of star-forming field galaxies. Our study
leaves several open questions that will be addressed in forthcoming
analyses, particularly the relationships between star formation and
molecular gas in the ISM of BCGs, the role of AGN in quenching
star formation and the importance of star formation in the stellar
mass growth of BCGs.
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APPENDIX A: NEAR INFRARED COLOURS AS
TRACERS OF STAR FORMATION

In Paper I we used the WISE IR colours to identify BCGs with
ongoing star formation. In this appendix we relate that definition
of star-forming galaxies with those based on the MS and the 𝑠𝑆𝐹𝑅
adopted in this work.

Jarrett et al. (2011) showed that theWISE𝑊1 and𝑊2 bands are
reliable tracers of the continuum emission from low-mass, evolved
stars, meaning that the fluxes in these filters can be used to trace the
M∗ of galaxies (Pahre et al. 2004; Meidt et al. 2012; Hunter et al.
2006; Cluver et al. 2014). Furthermore, they showed that the flux
measurements in these filters are only marginally affected by dust
attenuation.

On the other hand,𝑊3 traces the emission from PAH and the
[NeII] line, indicating that the flux at these wavelengths is sensitive
to the 𝑆𝐹𝑅, the total IR luminosity (TIR) and the hot dust heated
by AGN emission (e.g., Meidt et al. 2012; Hunter et al. 2006; Elbaz
et al. 2011; Cluver et al. 2014; Orellana et al. 2017 ). Finally, the
𝑊4 filter traces the continuum emission related with AGN-heated
dust, the 𝑆𝐹𝑅 and the TIR (e.g., Elbaz et al. 2011; Cluver et al.
2014; Orellana et al. 2017).

In Paper I we used the (𝑊1−𝑊2) vs (𝑊2−𝑊3) colour-colour
diagram to identify quiescent, star-forming and AGN-host BCGs
and investigated the trends with redshift, cluster mass and BCGM∗
for each galaxy type. We now perform again the identification of
passive, star-forming and AGN-host galaxies in the sub-sample of
BCGs with measurements in 𝑊1, 𝑊2 and 𝑊3, and compare this
classification with the subdivision into quiescent and star-forming
BCGs based on 𝑠𝑆𝐹𝑅. Although we find that only 12,625 galaxies
(22.4% of the sample) meet this requirement, we note that this sub-
sample is 83.1% larger than the one used in Paper I, highlighting the
higher quality of the unWISE photometry with respect to AllWISE.

Fig.A1 shows different versions of the (𝑊1−𝑊2) vs (𝑊2−𝑊3)
colour-colour plot. The diagram is represented as a 2D density plot
in which only cells with at least two galaxies are plotted. The colour
bars indicate the median 𝑆𝐹𝑅 (top-left panel), median M∗ (top-
middle panel), median log (𝑠𝑆𝐹𝑅) (top-right panel), median value
of the MSindex (bottom-left panel), median M200 (bottom-middle
panel), and median 𝑧𝑠𝑝𝑒𝑐 (bottom right panel) in each cell.

We find that only 0.33% of the BCGs in the sub-sample fall in
the AGN-host locus ((𝑊1 −𝑊2) > 0.8). If we consider the BCGs
with 𝑊1 and 𝑊2, but not necessarily 𝑊3, this fraction drops to
0.07%. We note that AGN hosts are extremely sparse in the colour-
colour plot, and in no case there are regions of the AGN-host locus
in which we can make cells with at least two objects. For this reason
these galaxies do not appear in Fig. A1 (above the horizontal red
line).

As it can be seen in the top-left panel in Figure A1, the (𝑊1 −
𝑊2) colour is not a good tracer of the 𝑆𝐹𝑅 in galaxies. Only at
(𝑊1 −𝑊2) > 0.4, it is possible to see that the galaxies have higher
𝑆𝐹𝑅. As already shown in Jarrett et al. (2011), the (𝑊2 − 𝑊3)
colour is a more sensitive tracer of 𝑆𝐹𝑅: as this colour increases, the
increase in 𝑆𝐹𝑅 in the top-left panel of Figure A1 is also visible. In
Paper I, we used (𝑊2−𝑊3) to separate star forming ((𝑊2−𝑊3) ≥
1.5) from quiescent ((𝑊2 − 𝑊3) < 1.5) galaxies, following the
boundaries in Jarrett et al. (2011, 2017) and Fraser-McKelvie et al.
(2014). Using the (𝑊2 − 𝑊3) = 1.5 boundary as in Paper I, we
find that the median 𝑆𝐹𝑅 for galaxies with (𝑊2 −𝑊3) < 1.5 is
0.71 M�/yr. Meanwhile, for galaxies with (𝑊2 −𝑊3) ≥ 1.5, the
median SFR is 5.69 M�/yr, showing a clear separation between
star-forming and passive galaxies.

To test this colour boundary for the identification of star-
forming BCGs, we divide the (𝑊2−𝑊3) range in bins with width of
Δ(𝑊2 −𝑊3) = 0.5, and we measure the median 𝑆𝐹𝑅 and the frac-
tion of passive and star-forming galaxies following our 𝑠𝑆𝐹𝑅 crite-
rion in each colour bin. Then, we try to define a boundary between
star-forming and quiescent galaxies identifying the bin where the
fraction of star-formingBCGs is larger than the fraction of quenched
BCGs. Following this procedure,wefind that the separation between
star-forming and quenched BCGs is at (𝑊2 −𝑊3) = 1.3 where the
median 𝑆𝐹𝑅 for galaxies with (𝑊2 − 𝑊3) < 1.3 is 0.64 M�/yr
while for galaxies with (𝑊2 −𝑊3) ≥ 1.3 is 4.61M�/yr.

Using a similar procedure to separate the galaxies according
to the MS classification, we find that the boundary between passive
and non-passive (starburst plusMS) galaxies is at (𝑊2−𝑊3) = 2.5.
Below this colour we find that the median 𝑆𝐹𝑅 is 1.25 M�/yr and
above it it is 14.63M�/yr. These 𝑆𝐹𝑅 values are higher than those
obtained from the use of the 𝑠𝑆𝐹𝑅 criterion to divide into star-
forming and quiescent BCGs.

Thus, regardless of the criterion used to split between star-
forming and quiescent galaxies, we see that in agreementwith Jarrett
et al. (2011) and Jarrett et al. (2017) the (𝑊2 −𝑊3) colour can be
used as a powerful yet simple tool to separate between galaxies
with and without star formation. However, we present here updated
boundaries in (𝑊2 − 𝑊3) to separate between star-forming and
quiescent BCGs, applicable with both definitions of star-forming
galaxies, based on 𝑠𝑆𝐹𝑅 or the position with respect to the MS.

We can see from the central panel in the top row of Figure
A1 that we can define zones in the colour-colour plot populated by
galaxies with higher and lower M∗. High-M∗ galaxies are located
at (𝑊2 −𝑊3) < 1.5, where we find that the median stellar mass
is M∗ = 1011.56 M� . Intermediate-M∗ BCGs are located at 1.5 <
(𝑊2 −𝑊3) < 2.8, where the median stellar mass is M∗= 1011.41
M� . Finally, low-M∗ BCGs are located at (𝑊2−𝑊3) > 2.8, where
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Figure A1.WISE colour-colour diagram represented as a 2D density plot in which each cell contains at least two BCGs. The colour bars indicate the median
value of log (𝑆𝐹𝑅) (top left), log M∗ (top middle), log (𝑠𝑆𝐹𝑅) (top right), the MSindex (bottom left), M200 (bottom middle) and spectroscopic redshift
(bottom right), in each cell. The horizontal red line shows the limit for AGN-host galaxies according to Wright et al. (2010), while the vertical red line shows the
separation between galaxies with and without star formation, used in Paper I. The vertical black line shows the separation where non passive galaxies dominate
over the passive ones, following the MS criterion. The magenta vertical line shows the separation between passive and star-forming galaxies, according to their
𝑠𝑆𝐹𝑅 (see Section 3).

the median stellar mass isM∗= 1011.14M� . We note that, as seen in
Section 4.3, the fraction 𝑓SF of star-forming BCGs decreases with
increasingM∗. Since the (𝑊2−𝑊3) colour is sensitive to the 𝑆𝐹𝑅,
the fact that lower-mass BCGs have redder (𝑊2 −𝑊3) colours is
just a reflection of the fact that star-forming galaxies tend to be
concentrated at red (𝑊2 −𝑊3).

The WISE colour-colour diagram can also be used to split
the sample into regions with different values of 𝑠𝑆𝐹𝑅. Using the
same colour limits used to split BCGs into high-, intermediate- and
low-M∗, we find that at (𝑊2 − 𝑊3) < 1.5 the median 𝑠𝑆𝐹𝑅 is
log (𝑠𝑆𝐹𝑅/yr−1) = −11.69, at 1.5 < (𝑊2−𝑊3) < 2.8, the median
𝑠𝑆𝐹𝑅 is log (𝑠𝑆𝐹𝑅/yr−1) = −10.81 and, finally, at 𝑊2 − 𝑊3 >
2.8 the median 𝑠𝑆𝐹𝑅 is log (𝑠𝑆𝐹𝑅/yr−1) = −9.84 (see Figure
A1, right-hand panel in the top row). The cluster halo mass shows
no apparent relation with the IR colours, neither is it possible to
distinguish different regions in the colour-colour plot that comprise
clusters with certain ranges ofM200.

Finally, we find that the WISE colours depend on the BCG
spectroscopic redshift. As it can be seen from the right-hand panel in
the bottom row of Figure A1, the highest- and lowest-redshift BCGs
appear confined at (𝑊1 −𝑊2) < 0.2. However, the lowest-redshift
BCGs appear to have (𝑊2 − 𝑊3) colours below 1.5, while the
highest-redshift BCGs have 2.0 < (𝑊2−𝑊3) < 2.9. Galaxies with
redshifts 0.15 < 𝑧 < 0.33 are spread across the entire colour-colour
range, although with a preference for galaxies with 0.2 < 𝑧 < 0.28
to have (𝑊2 −𝑊3) > 1.5.
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